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CHAPTER 1. GENERAL INTRODUCTION 
General Introduction 
Maize, commonly known as corn, is a major agricultural crop (Dowswell et al., 1996; 
Salvador, 1997). Hybrid seeds have played an important role in increasing corn yields during 
the 20th century (Bauman et al., 1986). The production of hybrid seed often involves the 
hand emasculation of female parents, which is a labor-intensive process. In the late 1960's, 
this process was largely (85%) replaced by using the T-cytoplasm male sterility (cms-T) 
system to induce male sterility in the female parents of commercial hybrids (Ullstrup, 1972). 
However, plants that carry T cytoplasm are highly susceptible to two fungal strains, 
Mycosphaerella zeae-maydis and race T of Cochiliobolus heterostrophus. The latter was 
directly responsible for the loss of 710 million bushels of corn in the United States during the 
southern corn leaf blight epidemic in 1970 (Tatum, 1971; Hooker, 1972; Ullstrup, 1972; 
Wise et al., 1999a). 
Since the epidemic, extensive research has been conducted on the cms-T system to 
address the underlying mechanism of male sterility and fungus susceptibility. It has been 
demonstrated that both male sterility and fungal susceptibility are due to a T-cytoplasm-
specific protein, URF13. URF13 is encoded by the T-cytoplasm mitochondrial genome and 
accumulates in the mitochondria inner membrane, where it increases membrane permeability 
(reviewed by Pring and Lonsdale, 1989; Levings, 1990,1993; Williams and Levings, 1992; 
Dewey and Korth, 1994; Wise et al., 1999a). 
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The cms-T system has two unlinked nuclear restorer genes, rfl and rfl. They work in 
concert to revert the phenotype of T-cytoplasm-induced male sterility; however, they do not 
diminish the susceptibility of T-cytoplasm maize to the disease-causing fungi (Duvick, 1965; 
Ullstrup, 1972). The functional Rfl allele is able to alter the accumulation of T-urfl3 
transcripts and reduce the accumulation of URF13 by 80% (Forde and Leaver, 1980; Dewey 
et al., 1986; Dewey et al., 1987; Kennell et al., 1987; Wise et al., 1996). In contrast, the Rfl 
gene does not affect the accumulation of URF13, although it is necessary for the restoration 
of T-cytoplasm male sterility (Forde and Leaver, 1980; Dewey et al., 1987). Unlike rfl, most 
maize inbred lines have a functional Rfl allele (Duvick, 1965; Wise et al., 1999a). Due to its 
unique behavior, research on the rf2 gene will not only improve the understanding of cms-T 
related male sterility and its restoration, but also contribute to the knowledge of nuclear and 
mitochondrial genome interactions as well as anther development in general. 
Dissertation Organization 
This dissertation is organized into six chapters. Chapter 1 is a general introduction to 
the current body of knowledge on the cms-T system and its restorers. Chapters 2,3,4 and 5 
are papers that have been published or submitted to scientific journals as a result of the 
dissertation research. 
Chapter 2 describes the cloning and sequence analysis of the rfl gene. Hypotheses on 
the mechanism of rfl function were formed based on the high degree of sequence similarity 
between RF2 and mammalian mitochondria aldehyde dehydrogenases. This paper is the 
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result of contributions from multiple authors. My contributions include the isolation and 
sequence analysis of the rJ2 cDNA and the mRNA accumulation survey of the mutant alleles. 
Chapter 3 describes the genetic and biochemical characterizations of rf2 and its 
encoded protein, RF2. This study demonstrates that RF2 is indeed a mitochondrial aldehyde 
dehydrogenase and that its activity is involved in anther development, even in plants that 
carry normal cytoplasm. The expression and biochemical analyses of RF2 were conducted 
by Feng Liu in the Schnable laboratory. The genetic characterization of rfl and the analyses 
of the rf2-R213 allele arose from my dissertation research. 
Chapter 4 describes experiments testing whether the RF2 protein acts in the 
fermentation pathway. Three genes coding for the rate-limiting enzyme of this pathway, 
PDC, were knocked out. Mutants from pdc3 were extensively characterized for their effects 
on anaerobic tolerance and male fertility. Assistance for sequencing the pdc genes and 
genetic crossing was received from other authors. 
Chapter 5 describes the characterization of the Mu suppression, which is associated 
with some of the rf2 mutant alleles when the Mu activity is low in the genome. All data in 
this paper except the sequencing of the rf2 genomic clones were directly derived from my 
dissertation research. 
Literature Review 
Maize anther development and male sterility 
Maize is a monoecious plant. Its male flowers develop in the tassel on the apex of the 
plant (Kiesselbach, 1999). Each tassel branch has hundreds of spikelets and each spikelet 
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consists of an upper and lower floret. Three anthers develop in each floret, while the pistil is 
degenerated in the early developmental stage. Although the upper and lower florets have the 
same structure, anthers in the lower floret develop approximately three days later than 
anthers in the upper floret of the same spikelet (Hsu and Peterson, 1991). A maize anther has 
four chambers, named loculi. Numerous pollen grains develop in each locule. An anther is 
composed of wall tissues and sporogenous tissue. The anther wall contains four layers of 
cells listed here from outermost to innermost: epidermis, endothecium, middle layer, and 
tapetum. The inner-most tapetal layer is a specialized cell layer that contains darkly staining 
uni- and bi-nucleate cells and provides nutrients for the development of pollen (Pacini et al., 
1985; Chapman, 1987; Horner et al., 1993). 
The formation of male gametes is a precisely regulated sequential process. It begins 
with a group of cells in the center of a locule. Depending on genetic background and 
environmental condition, approximately seven weeks after planting, these cells undergo 
reduction divisions to become gametes. The gametes then progress through early-, mid-, and 
late-microspore stages to become young pollen, which then matures into pollen to be released 
when the tassel sheds (Palmer et al., 1992). 
Any disruption in the regulation or structure of anther and pollen development can 
potentially prevent the production of mature pollen, which results in male sterility (Horner 
and Palmer, 1995). Mutants that only affect male fertility but not female fertility are known 
as male sterile (ms) mutants. Ms mutants have been obtained in many plant species 
(reviewed by Gottschalk and Kaul, 1974; Kaul, 1988). In maize, a large collection of ms 
mutants have been identified and various stages and tissues during anther development are 
affected among these mutants. Therefore, these mutants are valuable materials for studying 
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the anther and pollen development in maize (Albertsen and Phillips, 1981 ; Chaubal et al., 
2000). 
Cytoplasm Male Sterility 
One category of male sterility is controlled by genetic factors located in the 
cytoplasm; therefore, it is referred to as cytoplasmic male sterility (cms) (Mackenzie et al., 
1994; Levings and Vasil, 1995; Schnable and Wise, 1998). Cytoplasmic male sterility was 
first reported in flax (Linum usitatissimum L.) in 1921 (Bateson and Gairdner, 1921). Since 
then, cms has been observed in over 150 plant species (Laser and Lersten, 1972), including 
agriculturally important crops such as maize, rice, sorghum, and soybean. In all the 
characterized cases, cms is related to novel open reading frames (ORFs) created by 
recombination in the mitochondrial genome (Schnable and Wise, 1998). Interestingly, most 
of the well-characterized cms systems have nuclear restorer genes, which can correct the 
defects caused by the cytoplasm mutation and restore male fertility. Most of the 
characterized restorer genes function by altering the accumulation of novel ORF-related 
transcripts, such as the Rfpl and Rfp2 restorers in canola (Singh et al., 1996), the R/-1 
restorer in rice (Iwabuchi et al., 1993), the Rf3 restorer in sorghum (Tang et al., 1996), and 
the Fr2 restorer in bean (Abad et al., 1995). However, the Fr gene in bean functions through 
deleting the novel ORF from the mitochondrial genome (He et al., 1995). Some restoration 
functions are also related to the post-transcriptional RNA editing in mitochondria. For 
example, the presence of Rf4 restorer in sorghum is correlated with the high level of RNA 
editing at atpô (Pring et al., 1999). 
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In maize, cytoplasmic male sterility was first identified by Rhoades in 1931. Since 
then, numerous studies have focused on the three major cms systems: S (USDA), C 
(Charrua), and T (Texas) (Laughnan and Gabay-Laughnan, 1983). These three cms systems 
can be distinguished from each other and from normal (N) cytoplasm by their mitochondrial 
transcription profiles and nuclear restorer genes (Duvick, 1965; Beckett, 1971; Gracen and 
Grogen, 1974). Cms-S mitochondria have two transcripts, or/355 and or/77, that are absent 
in normal mitochondria. A dominant nuclear restorer gene, Rf3, alters the accumulation of 
these two transcripts (Laughnan and Gabay, 1975; Zabala et ai., 1997, Wen and Chase, 
1999). The cms-C system also has chimeric open reading frames in its mitochondrial 
genome (Dewey et al., 1991). This system has three nuclear restorers, Rf4, Rf5, and Rf6 
(Josephson et al., 1978; Kheyr-Pour et al., 1981). Rf4 can restore cms-C by itself, but Rf5 
and Rf6 work in concert (Vidakovic, 1988). The cms-T system is probably the best 
characterized among all cms systems in any plant species due to its wide application in the 
production of hybrid seeds and its direct relationship to the southern com leaf blight in 1970 
(Ullstrup, 1972). 
T-cytoplasm male sterility 
In 1944, a single male sterile plant arose from a Texas maize variety, Golden June. 
When this plant was crossed by inbred line Tx203, all the resulting progeny were male 
sterile, which suggested the male sterility phenotype originated from cytoplasm of the female 
parent (Rogers and Edwardson, 1952). Due to its Texas origin, this cytoplasmic male 
sterility is referred to as T (Texas) cytoplasmic male sterility. A plant that carries T 
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cytoplasm develops a normal tassel, except that anthers arrest early in pollen development 
and then degenerate. Therefore, no anthers exert from cms-T tassels. The cms-T system is 
the most stable system among the three maize cms systems in that its phenotype is only 
minimally affected by environmental conditions (Wych, 1988). When anthers from T-
cytoplasm male sterile plants were compared with those from N-cytoplasm fertile plants, no 
noticeable differences were observed at the level of resolution afforded by the light 
microscope until the early microspore stage during anther development. At this stage, the 
tapetal layer of cms-T anthers became thicker and stained with methylene blue-azure A 
combination less intensely than that of N-cytoplasm anthers. Later, the tapetal cells were 
filled with more vacuoles and degenerated by the late-microspore stage. In contrast, N-
cytoplasm tapetal cells remained darkly staining and had few vacuoles until the late 
microspore stage, when the whole tapetal layer was compressed into a thin band (Warmke 
and Lee, 1977). When anthers were observed at electron microscopy level, the mitochondria 
in the tapetal cells from T-cytoplasm plants appeared to have disorganized cristae and lightly 
staining matrix in the earlier tetrad stage. There was no difference between other organelles 
of tapetal cells in T- and N- cytoplasm plants until very late stages in pollen development 
(Warmke and Lee, 1977). It was also observed that mitochondria numbers in tapetal cells 
increased 40 fold compared to those in other cells between precallose and tetrad stages 
during anther development in both T- and N- cytoplasm plants (Warmke and Lee, 1978). 
These results indicate that mitochondria play a critical role during microsporogenesis, and 
suggest that the mitochondrial malfunction is the cause of male sterility in cms-T. 
The cms-T system was widely used to generate male-sterile female parents to replace 
the labor-intensive hand emasculation in the hybrid seed production in the late 1960's. T 
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cytoplasm was transferred into desirable inbred lines to produce male sterile female parents, 
while nuclear restorer genes were transferred into desirable male parents. The resulting F1 
commercial hybrid seeds were male fertile because of the presence of restorers, even though 
they carried T cytoplasm (Rogers and Edwardson, 1952; Wise et al., 1999a). By the end of 
1969,85% of US commercial hybrid corn contained T cytoplasm (Ullstrup, 1972). 
However, T-cytoplasm plants exhibit high susceptibility to two fungal strains, 
Mycosphaerella zeae-maydis (asexual stage: Phyllosticta maydis) and race T of 
Cochiliobolus heterostrophus [asexual stage: Bipolar is maydis (Nisikado &Miyake) 
Shoemaker = Helminthosporium maydis (Nisikado &Miyake)] (Mercado and Lantican, 1961; 
Villareal and Lantican, 1965). These two strains cause severe lesions in the leaf, ear and 
stalk of T-cytoplasm plants, resulting in premature plant death (Scheifele et al., 1970; 
Ullstrup, 1972). Race T of C. heterostrophus was the direct causative agent of the 1970's 
southern corn leaf blight epidemic, during which approximately 710 billion bushes of corn 
were lost in the US (Ullstrup, 1972). It was later demonstrated that these two fungus strains 
produce linear long chain P-polyketols, termed PM-toxin and T-toxin (Kono and Daly, 1979; 
Kono et al., 1980,1985; Daly and Knoche, 1982). These two host-specific pathotoxins 
interact specifically with T-cytoplasm plants to cause susceptibility to these two fungus 
strains (Hooker et al., 1970; Comstock et al., 1973; Yoder, 1973). Further studies on T-toxin 
and PM-toxin indicate that they interact with the mitochondria of T cytoplasm and cause 
swelling of the mitochondria, loss of matrix density, uncoupling of the oxidative 
phosphorylation, inhibition of malate oxidation, and stimulation of NADH and succinate 
oxidation (Miller and Koeppe, 1971; Gengenbach et al., 1973; Peterson et al., 1975; Aldrich 
et al., 1977). These effects are all caused by the increased permeability of the mitochondrial 
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inner membrane (Gregory et ai., 1979; Mathews et al., 1979; Bervillé, 1984; Holden and Sze, 
1984, 1987). A synthetic insecticide, methomyl, was found to induce the same lesions on T-
cytoplasm plants, although it has a quite different structure from T-toxin and PM-toxin 
(Humaydan and Scott, 1977). Therefore, it has been used for identifying T-cytoplasm plants. 
Multiple approaches were explored to identify the genetic factor for T-cytoplasm 
male sterility and sensitivity to fungal toxins. In an attempt to separate male sterility from 
toxin sensitivity, cell cultures were produced from T-cytoplasm tissues. When toxin-resistant 
cells isolated from media containing T-toxin were regenerated into adult plants, they were all 
male fertile (Gengenbach and Green, 1975; Gengenbach et al., 1977; Brettell et al., 1979, 
1980). In addition, male-fertile and toxin-resistant revertants were also obtained in the 
absence of fungal toxin (Brettell et al., 1980; Dixon and Leaver, 1982). These results 
strongly indicate that male sterility and toxin sensitivity originate from the same factor. 
Meanwhile, the cytoplasmic genomes (mitochondrial and chloroplastic) of T and N 
cytoplasms were compared. The only differences identified were in the mitochondrial 
genome (Gengenbach et al., 1973; Levings and Pring, 1976; Gregory et al., 1978; Pring and 
Levings, 1978). To identify the specific region in the mitochondrial genome related to male 
sterility and toxin sensitivity, DNA clones from T-cytoplasm mitochondrial genome were 
hybridized with RNA transcripts from T- and N-cytoplasm mitochondria, to screen for clones 
that exhibited differences. A fragment of one clone, 2H3, hybridized to T-, but not N-
cytoplasm mitochondrial RNA. This fragment of 2H3 contained two open reading frames, 
T-urfl 3 and or/22/, both of which were present in T cytoplasm but absent in N cytoplasm 
(Dewey et al., 1986). When the toxin-resistant and male-fertile revertants isolated from 
tissue culture were analyzed with T-urfl 3 and or/221, it became apparent that 19 of 20 events 
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had lost both of these two open reading frames by recombination (Gengenbach et al., 1981; 
Kemble et al., 1982; Umbeck and Gengenbach, 1983; Fauron et al., 1987), The remaining 
revertant, T-4, had generated a five-basepair insertion, which caused a frame shift in T-urfl3 
and truncated the URF13 protein from 113 to 74 amino acids, while orf221 was not altered 
(Wise et al., 1987a). This result demonstrated that T-urfl3 (and not orf22l) is the genetic 
factor that conditions male sterility and toxin sensitivity. Antibodies generated using 
synthetic polypeptides that were designed based on the T-urfl3 sequence detected a 13-kD 
mitochondrial protein, URF13 (Dewey et al., 1987; Wise et al., 1987b). This confirmed the 
earlier observation that a 13-kD protein accumulated only in T cytoplasm when the 
mitochondrial protein profiles were compared between T and N cytoplasms (Forde et al., 
1978; Forde and Leaver, 1980). 
Other evidence that URF13 is the causal factor of toxin sensitivity was derived from 
the expression of URF 13 in other organisms. E. coli strains expressing URF 13 were found to 
be sensitive to T-toxin. Ionic leakage was observed in the presence of T-toxin when URF 13 
expression was induced. Interestingly, cells expressing URF 13 had growth defects, even in 
the absence of fungal toxin (Dewey et al., 1988). T-toxin or PM-toxin sensitivity was also 
observed when URF13 was expressed in yeast (Huang et al., 1990; Glab et al., 1990), 
tobacco (von Allmen et al., 1991; Chaumont et al., 1995), and insect cells (Korth and 
Levings, 1993). 
Immunolocalization using URF 13 antibodies revealed that the URF 13 protein is 
localized in the mitochondrial inner membrane (Hack et al., 1991). Cross-linking and 
terminus-specific-antibody binding experiments suggested that the URF 13 protein exists as 
both oligomers and multimers, and all the URF 13 molecules are in the same orientation 
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(Korth et al., 1991). Deletion and site-directed mutagenesis experiments demonstrated that 
the N terminal 83 amino acids of URF 13 are necessary for T-toxin sensitivity, which 
explains the T-toxin insensitivity of the 74-amino-acid URF13 protein from T-4 (Braun et al., 
1989). The structure of URF 13 was determined by topological studies. URF 13 has three 
trans-membrane a-helices; only helix II participates in forming a pore in a homotetramer 
(Rhoads et al., 1994; Siedow et al., 1995; Rhoads et al., 1995). Binding and site-directed 
mutagenesis indicated that mutation or cross-linking of Asp39 on helix II abolished the 
sensitivity to T-toxin, PM-toxin and methomyl, which suggests that Asp39 is the binding site 
of T-toxin, PM-toxin and methomyl (Braun et al., 1990; Kaspi and Siedow, 1993). 
Restorers of cms-T 
Two nuclear restorer genes, rfl and rf2, were initially identified for the cms-T system. 
Both genes are required for fertility restoration (Duvick, 1956,1965). Few maize inbred 
lines carry the functional Rfl allele, while the functional Rfl allele is present in most inbred 
lines (Duvick, 1965; Wise et al., 1999a). The rfl gene was mapped to chromosome 3L, 11 
cM from tassel seed 4 (ts4) (Duvick et al., 1961). The rfl gene was mapped to chromosome 
9L, 5 cM from the waxy (wxl) gene (Snyder and Duvick, 1969). High resolution mapping of 
these two genes was conducted using RFLP markers (Wise and Schnable, 1994). Two 
additional nuclear restorer genes for cms-T were recently identified, RfS and RJ*. These two 
restorers can partially replace Rfl (Dill et al., 1997; Wise et al., 1999b), but they are more 
influenced by environment (Dill et al., 1997; Wise et al., 1999b). Identification of RfS and 
RJ* confirmed earlier speculation that nuclear genetic background, in addition to the function 
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of Rfl, affects the transcript accumulation of T-urfl 3 based on the comparisons among 
different inbred lines carrying T cytoplasm (Kennell et al., 1987; Rocheford et al., 1992). 
T cytoplasm accumulates five T-urfl3 transcripts, 2.0-kb, 1.8-kb, 1.5-kb, 1.0-kb and 
0.8-kb. The presence of a functional Rfl gene in the nuclear genome generates additional 
1.6-kb and 0.6-kb transcripts (Dewey et al., 1986; Kennell et al., 1987; Kennell and Pring, 
1989; Wise et al., 1996). In addition, the URF 13 protein accumulation is reduced by 80% in 
the presence of Rfl (Forde and Leaver, 1980; Dewey et al., 1987). The mitochondria from 
Rfl-restored T-cytoplasm plants are less sensitive to T-toxin than those from male sterile T-
cytoplasm plants (Barratt and Flavell, 1975), although the susceptibility to the two fungi is 
not obviously affected (Payne and Yoder 1978; Ullstrup, 1972). The presence of RfS or RJ* 
in the nuclear genome also alters the accumulation ofT-urfl3 transcripts in the mitochondria. 
Additional 1.42-kb and 0.42-kb or 1.4-kb and 0.4-kb T-urfl3 transcripts are present in the 
RJ8- or RJ*- restored T-cytoplasm plants, respectively (Dill et al., 1997; Wise et al., 1999b). 
The mechanisms by which additional T-urfl3 transcripts arise in the presence of the 
restorers, Rfl, RfS and RJ*, are not clear. One hypothesis is that these restorer genes encode 
endonucleases that recognize and cleave specific sites in the mitochondrial transcripts. 
Support for this hypothesis comes from the consensus sequence CNACNNU located right 
proceeding the 5' ends of some restorer-dependent transcripts in maize and sorghum (Tang et 
al., 1996; Dill et al., 1997). This consensus sequence may serve as the recognition site for 
the endonucleases encoded by the restorers. Cloning of the rfl gene is underway (Wise et 
al., 1996). 
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Characterization of rfl 
The rfl gene was identified and mapped to chromosome 9 (Snyder and Duvick, 1969; 
Wise and Schnable, 1994). It is different from most nuclear restorers in that it does not affect 
the accumulation of URF 13 in the mitochondria, although it is absolutely necessary for the 
restoration of cms-T (Forde and Leaver, 1980; Dewey et al., 1987). Most maize lines carry a 
functional copy of the rfl gene, although they have never been exposed to T cytoplasm 
(Duvick, 1965; Wise et al., 1999a). This indicates that rfl gene plays an important 
physiological role in maize independent of being a cms-T restorer. To better understand the 
function of rfl, transposon insertion mutants were generated for the gene cloning via 
transposon tagging (Schnable and Wise, 1994). The cloning and characterization of rfl is 
presented in this dissertation. 
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CHAPTER 2. THE r/2 NUCLEAR RESTORER GENE OF MALE-
STERILE, T-CYTOPLASM MAIZE 
A paper published in Sciencea 
Xiangqin Cui,b Roger P. Wise,® and Patrick S. Schnable*1 
Abstract 
The male-sterile, T cytoplasm (cmsT) of maize serves as a model for the nuclear restoration 
of cytoplasmic male sterility. The rf2 gene, one of two nuclear genes required for fertility 
restoration in cmsT maize, was cloned. The protein predicted by the rf2 sequence is a 
putative aldehyde dehydrogenase, which suggests several mechanisms that might explain Rf2-
mediated fertility restoration of cmsT. Aldehyde dehydrogenase may be involved in the 
detoxification of acetaldehyde produced via ethanolic fermentation during pollen 
development, may play a role in energy metabolism, or may interact with URF13, the 
mitochondrial protein associated with male sterility in cmsT maize. 
1 Reprinted with permission of Science, 1996, 272: 1334-1336. 
b Department of Zoology & Genetics, Iowa State University, Ames, LA 50011. 
c Field Crops Research, USDA-Agricultural Research Service and Department of Plant Pathology, Iowa State 
University, Ames, IA 50011. 
d Departments of Agronomy and Zoology & Genetics, Iowa State University, Ames, IA 50011. 
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Results and Discussion 
Cytoplasmic male sterility (cms) is a maternally inherited inability to produce functional 
pollen. It has been observed in over 150 plant species (1) and is often associated with the 
expression of novel mitochondrial open-reading frames (2). In many cms systems, 
restoration of male fertility can occur in the presence of specific nuclear genes (3). These 
fertility-restorer genes are thought to block or compensate for cytoplasmic dysfunctions that 
are phenotypically expressed during pollen development. Efforts to characterize the 
molecular mechanisms by which these events occur have been hampered by the absence of 
cloned nuclear restorer genes. 
The T cytoplasm of maize serves as a model for cms and fertility restoration. 
Restoration of fertility to cmsT maize requires the combined action of dominant alleles of 
two nuclear restorer genes, rfl and rf2 (4). Until the 1970 epidemic of southern com leaf 
blight, cmsT was used to produce approximately 85% of the hybrid seed in the United States 
(5). T-cytoplasm maize is highly sensitive to the host-selective pathotoxin, HmT, produced 
by Cochliobolus heterostrophus Drechsler race T (6). The mitochondrial gene, T-ur/13, 
which is present in T cytoplasm, but absent in N cytoplasm, is responsible for male sterility 
and toxin sensitivity (7). T-urfl3 encodes a 13-kD mitochondrial polypeptide (URF13) (8, 
9). 
Even in the absence of pathogens, URF13 appears to have a slight deleterious effect 
on maize cells (10), presumably as consequence of subtle perturbations in mitochondrial 
25 
function. However, under these conditions, the only striking phenotype conditioned by 
URF13 is male sterility, which occurs as a consequence of a degeneration of the tapetal layer 
of anthers (11). The selective nature of this degeneration is paradoxical, because URF13 is 
expressed in many, if not all, maize tissues (12). It is possible that there is a tapetum-
specific compound (Factor X) that is a necessary prerequisite for URF13-induced toxicity 
(13). Alternatively, tissue-specific degeneration could occur if tissues differ in their 
requirements for mitochondrial function (14). The accumulation of toxic URF13 is reduced 
approximately 80% in plants carrying Rfl (8, 15), presumably as a consequence of its ability 
to alter the accumulation and nature of 1-urfl 3 transcripts (16). In contrast, Rfl does not 
affect URF13 accumulation (8) and nothing is known about its essential role in fertility 
restoration. 
To clone this nuclear fertility restorer gene, we employed a transposon tagging 
strategy to isolate rf2 mutant irf2-m) alleles (17). Genetic crosses were performed such that 
rare progeny plants that carried newly generated transposon tagged rfl alleles were male 
sterile. Seven rfl-m mutant alleles were isolated via a screen of approximately 178,300 
plants. Six of these mutant alleles were derived from Mutator transposon stocks and may 
therefore have arisen by the insertion of Aiu transposons. In an effort to identify such a 
transposon inserted within the rfl gene, we subjected DNA samples from test-cross progeny 
families (each of which involved a different rfl-m allele) to DNA gel-blot analysis using 
probes specific to individual classes of Mu transposons. In one such family derived from the 
cross T cytoplasm rfl-m8ll2/Rfl-Ky2l X rfl-ref/rfl-ref, all 56 male-sterile progeny carried 
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a 3.4-kb, A/wi-containing, £coRI-//wdIII DNA fragment that was absent in all 49 male-fertile 
siblings (Fig. 1). This result demonstrated that this DNA fragment was closely linked to, or 
part of, the rfl locus. This 3.4-kb DNA fragment was cloned as the plasmid pF#9 (Fig. 1C). 
The identity of this DNA fragment was established by allelic cross-referencing experiments. 
In such experiments (Fig. 2), the putative rfl clone revealed DNA polymorphisms between 
each of four progenitor alleles (18) and their corresponding rfl-m derivatives (Fig. 2). 
Because mutations at the rfl locus coincided with DNA sequence rearrangements in the 
region detected by DDI, we conclude that DDI cross-hybridizes to DNA fragments 
containing the rfl locus. 
Using DDI as a probe, we isolated a 1.2-kb partial Rfl cDNA clone from a cDNA 
library prepared from RNA isolated from immature tassels of the inbred line W22. 
Subsequently, we isolated a 2.2-kb Rfl cDNA clone from a cDNA library prepared from 
RNA isolated from seedlings of the inbred line B73 (19). The latter Rfl cDNA detects a 2.3-
kb transcript in RNA isolated from immature tassels (20) of the A/2-containing inbred line 
Ky21 (Fig. 3). Although this transcript also accumulated to at least normal levels in the 
tassels of plants homozygous for the rfl-ref allele, it was not detectable in total RNA isolated 
from tassels homozygous for rf2-m8904, rfl-m9323, and rfl-m9437, and is barely detectable 
in RNA isolated from tassels homozygous for rfl-m8U0 and rfl-m8121 (Fig. 3). 
This 2.2-kb cDNA appears to be near full-length because its size corresponds well 
with that of the Rfl transcript (Fig. 3). Additionally, the sequence (21) contains in-frame 
stop codons 5' of two methionine residues, and the cDNA encodes a putative mitochondrial 
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targeting signal (Fig. 4). Computer-based homology searches of GenBank and other databases 
using various derivatives of the Blast algorithm (22) revealed substantial similarity 
(approximately 60% identity and 75% similarity) between the predicted /?/2-encoded protein 
and mammalian mitochondrial aldehyde dehydrogenases (ALDH) which catalyze the 
oxidation of a broad range of aldehydes to acids (Fig. 4). The two catalytic domains present 
in ALDHs are conserved in the RF2 protein. Although several ALDH's have been partially 
purified from plants (23), their role in plant metabolism has not been clarified. In yeast, 
Drosophila, and mammals, the enzymes alcohol dehydrogenase (ADH) and ALDH function 
together to oxidize ethanol through acetaldehyde to acetate. It is this NADH (reduced form 
of nicotinamide adenine dinucleotide)-producing pathway that allows these organisms to 
survive under aerobic conditions on diets where ethanol constitutes the sole carbon and 
energy source. Hence, one possible role for ALDH in plants is the detoxification of ethanol 
and acetaldehyde following brief periods of fermentation. 
Our working hypothesis is that the RF2 protein has a function independent of its role 
as a nuclear restorer in cmsT maize (17). According to this hypothesis, the RF2 protein has 
been recruited in T-cytoplasm maize to ameliorate the mitochondrial lesion associated with 
T-urfl3 expression. Assuming the rfl gene encodes an ALDH, we have developed two 
hypotheses for the mechanism by which this could occur. 
According to the "Metabolic Hypothesis", the normal metabolic role of ALDH 
becomes essential in T-cytoplasm cells due to URF13-mediated alterations of mitochondrial 
function. For example, the energy produced by ALDH-catalyzed a-oxidation of fatty acids 
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could become essential if T-cytoplasm tapetum cells have an energy deficit. Alternatively, 
the potential role of ALDH in scavenging and detoxifying acetaldehyde could become 
essential if URF13 alters mitochondrial function such that additional pyruvate is shunted into 
aerobic fermentation (24). 
The "Interaction Hypothesis" suggests that the RF2 protein interacts directly or 
indirectly with URF13 and thereby diminishes its deleterious effects. Because of the broad 
specificities of ALDHs (25), and their diverse metabolic functions (26), the RF2 protein 
could act by modifying: (i) some component or components of the inner mitochondrial 
membrane or (ii) "Factor X". For example, an ALDH-catalyzed oxidation of an aldehyde 
component of the mitochondrial membrane could alter the binding of URF13 to that 
membrane. Alternatively, if Factor X is an aldehyde, it could be inactivated through 
oxidation. Either of these events could alter the toxicity associated with the accumulation of 
URF13 in the mitochondria without affecting URF13 accumulation (consistent with the 
behavior of Rf2). 
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Figure Legends 
Fig. 1. (A) Mul copy number reduction and Co-segregation analysis of male-sterile (rf2-
m8122/rf2-rej) and male-fertile siblings (Rf2-Ky2Urf2-rej) from a test cross. The Mul-
hybridizing, 3.4-kb £coRI-//mdin DNA fragment is present in all 56 male-fertile siblings 
carrying rf2-m8122, but absent in all 49 male-sterile siblings not carrying rJ2-m8122. Lanes 
are indicated as follows: OE is the male-sterile plant from the mutant screen in which the r/2-
m8122 allele was first identified (17); GGP, GP and P refer to the great-grandparent, 
grandparent, and parent, respectively, of the segregating family (each of these ancestors had 
the genotype rf2-m8122lRf2)\ and S and F refer to male-sterile and male-fertile siblings, 
respectively. The rf2-ref allele is the reference allele carried by the inbred line Wf9. (B) 
Cosegregation of sterility with an RFLP detected by DDI. The DNA blot from panel A was 
stripped and then reprobed with the 846-bp Dral fragment adjacent to the Mul transposon 
in pF#9 (probe DDI in Panel C). The resulting hybridization pattern established that DDI is 
a low-copy sequence in the maize genome. Although not visible in this panel, probe DDI 
also hybridized weakly to a second genomic fragment. (C) Restriction map of the DNA 
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insert of pF#9 (24). Abbreviations for restriction enzyme sites: E, £coRI; B, Bg/II; D, Dral; 
P, Prfl; H, flZndlll. 
Fig. 2. Allelic cross-referencing experiments. The DDI fragment of pF#9 (Fig. 1C) was 
hybridized to gel blots containing DNA isolated from plants that carried four independent rfl 
mutants and their respective wild-type progenitor alleles. rf2-m8l 10 and rf2-m9390 are 
derived from the wild-type allele Rfl-Q67\ rf2-m8122 and rfl-m9313 are derived from Rfl-
Q66 (18). (A) EcoRI; (B) /Mil. 
Fig. 3. Gel blot containing RNA prepared from immature tassels homozygous for the 
indicated rf2 alleles (20). All plants were T-cytoplasm and derived from the Ky21 inbred 
background (after four to five backcrosses), except the one used in the first lane, which was 
an N-cytoplasm, Ky21 plant. RNAs were hybridized with the 2.2-kb rfl cDNA (A) or the 
maize tubulin cDNA, tubl (B). 
Fig 4. Sequence alignment of the predicted RF2 protein (GenBank accession number 
U43082) with bovine (GenBank accession number P20000) and human (GenBank accession 
number P05091) mitochondrial ALDH (27). Solid circles indicate positions of the two 
possible translation initiation codons of rfl. Mitochondrial targeting signals (Box I) predicted 
by the PSORT algorithm (27) and the Glu (Box II) and Cys (Box III) catalytic domains of 
ALDH identified by the Motifs algorithm of the GCG sequence analysis software package 
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are indicated. The insertion site of the Mu transposon that generated the rf2-m8122 allele is 
indicated by a solid triangle. Identical and similar amino acid residues are indicated by black 
and gray backgrounds, respectively. There is a single nucleotide polymorphism between the 
RJ2-B73 and R/2-W22 alleles; this G to C transversion results in the substitution of an 
asparagine for a lysine residue at position 427. 
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CHAPTER 3. MITOCHONDRIAL ALDEHYDE DEHYDROGENASE 
ACTIVITY IS REQUIRED FOR MALE FERTILITY IN MAIZE 
A paper accepted by Plant Cell 
Feng Liu,a,b'1 Xiangqin Cui,8,6,1 Harry T. Horner,c Henry Weiner,d and Patrick S. 
Schnablea,b,e,t 
Abstract 
Some plant cytoplasms express novel mitochondrial genes that cause male sterility. Nuclear 
genes that disrupt the accumulation of the corresponding mitochondrial gene products can 
restore fertility to such plants. The Texas (T) cytoplasm mitochondrial genome of maize 
expresses a novel protein, URF13, that is necessary for T cytoplasm-induced male sterility. 
Working in concert, functional alleles of two nuclear genes, rfl and rfl, can restore fertility to 
T cytoplasm plants. Rfl alleles, but not Rfl alleles, reduce the accumulation of URF13. 
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T cytoplasm plants. Rfl alleles, but not Rf2 alleles, reduce the accumulation of URF13. 
Hence, Rf2 differs from typical nuclear restorers in that it does not alter the accumulation of 
the mitochondrial protein necessary for T cytoplasm-induced male sterility. This study 
established that the rf2 gene encodes a soluble protein that accumulates in the mitochondrial 
matrix. Three independent lines of evidence establish that the RF2 protein is an aldehyde 
dehydrogenase. The finding that T cytoplasm plants that are homozygous for the rf2-R213 
allele are male sterile but accumulate normal amounts of RF2 protein that lacks normal 
mitochondrial aldehyde dehydrogenase (mtALDH) activity provides strong evidence that rf2-
encoded mtALDH activity is required to restore male fertility to T cytoplasm maize. 
Detailed genetic analyses have established that the rfl gene also is required for anther 
development in normal cytoplasm maize. Hence, it appears that the rfl gene was recruited 
recently to function as a nuclear restorer. ALDHs typically have very broad substrate 
specificities. Indeed, the RF2 protein is capable of oxidizing at least three aldehydes. Hence, 
the specific metabolic pathway(s) within which the r/2-encoded mtALDH acts remains to be 
discovered. 
Introduction 
Maternally inherited cytoplasmic male sterility (CMS) occurs in many plant species and is 
widely used to facilitate the production of hybrid seed because it eliminates the need for 
emasculation by hand. Mitochondrial defects account for all instances in which the nature of 
the lesion responsible for CMS has been identified (reviewed by Mackenzie et al., 1994; 
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defects can be avoided or overcome by the action of nuclear genes, termed nuclear restorers. 
However, the specific mechanisms by which restoration can occur are only poorly 
understood. 
The male-sterile Texas (T) cytoplasm (cms-T) was used to produce approximately 85% 
of U.S. hybrid maize seed until the 1970 epidemic of southern corn leaf blight (Ullstrup, 
1972; Pring and Lonsdale, 1989). cms-T maize is highly sensitive to a host-selective toxin (T 
toxin) produced by race T of Cochliobolus heterostrophus, the causal organism of southern 
com leaf blight (Hooker et al., 1970; Comstock and Scheffer, 1973; Yoder, 1973). The 
genomes of T cytoplasm mitochondria contain a unique mitochondrial gene, urfl3, that 
encodes the URF13 protein. URF13 accumulates in the inner membrane of the mitochondria 
(Forde and Leaver, 1980; Dewey et al., 1986; Wise et al., 1987a; Hack et al., 1991; Korth et 
al., 1991; Levings and Siedow, 1992) and is believed to be responsible for both the sensitivity 
to T toxin and the male sterility of cms-T maize (reviewed by Levings, 1990,1993; Wise et 
al., 1999). The URF13 protein accumulates in many tissues of cms-T maize plants. 
However, in the absence of T toxin, the only severely affected tissue is the tapetal cell layer 
of the anthers, which undergoes a premature degeneration at the early microspore stage, 
resulting in pollen abortion (Warmke and Lee, 1977). 
The combined action of two dominant alleles of two nuclear genes, rfl and rf2, restores 
the male fertility of cms-T maize (reviewed by Wise et al., 1999). Neither of these restorers 
alters the sensitivity of cms-T maize to T toxin. The function of the rfl gene in restoration 
41 
relates to its ability to modify the expression of urfl3, thereby reducing the accumulation of 
URF13 (Dewey et al., 1987; Kennell and Pring, 1989). 
As a first step toward determining its function in fertility restoration, the rfl gene was 
cloned via transposon tagging (Cui et al., 1996). The r/2-encoded protein, RF2, contains a 
predicted mitochondrial targeting sequence and exhibits approximately 60% identity and 75% 
similarity to class II mammalian mitochondrial aldehyde dehydrogenases (mtALDHs). 
ALDHs are a family of NAD(P)+-dependent enzymes that catalyze the oxidation of 
numerous aldehydes (reviewed by Lindahl, 1992; Yoshida et al., 1998). A large number of 
ALDHs have been characterized in mammals, yeast, insects, and bacteria (reviewed by 
Perozich et al., 1999). In mammals and yeast, the class I (a cytosolic form) and class II (a 
mitochondrial form) isozymes have been particularly well characterized (Lindahl, 1992; Wang 
et al., 1998). According to recently revised nomenclature (Vasiliou et al., 1999), the rfl gene 
is equivalent to ALDH2B1. Only a few studies of plant class II mtALDHs have been 
reported (Asker and Davies, 1985; Osakovskii et al., 1992; op den Camp and Kuhlemeier, 
1997). Although plant betaine ALDHs have been subjected to fairly intensive study 
(Vojtechova et al., 1997), these enzymes are only distantly related to class II mtALDHs. 
The primary functions of ALDHs are believed to be the detoxification of ethanol-derived 
acetaldehyde and the oxidization of aldehydes derived from polyamine syntheses (Lindahl 
and Petersen, 1991). Based on the presence of indoleacetaldehyde dehydrogenase activity in 
cell-free extracts from mung bean seedlings (Wightman and Cohen, 1968), it has been 
suggested that ALDHs may be involved in the production of the plant hormone indole-3-
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acetyl acetate (Marumo, 1986). However, this biochemical reaction also can be catalyzed by 
an aldehyde oxidase (Rajagopal, 1971). 
Most maize inbred lines carry functional Rf2 alleles, even though they have never been 
exposed to T cytoplasm. This suggests that the RF2 protein has an important physiological 
role other than restoring male fertility to plants that carry T cytoplasm (Schnable and Wise, 
1994). In this report, we demonstrate that the RF2 protein is, as predicted (Cui et al., 1996), 
a mtALDH that accumulates in most organs. In addition, we demonstrate that this mtALDH 
activity is required for normal anther development not only in T cytoplasm maize but also in 
normal (N) cytoplasm maize. 
Results 
RF2 Accumulation in Maize 
The rf2 cDNA was cloned into the expression vector pET-30b, and the resulting plasmid, 
pLB333, was expressed in E. coli. The His-tagged recombinant RF2 protein was purified to 
homogeneity and used as an antigen to inject rabbits. Affinity-purified anti-RF2 polyclonal 
antibodies were used for immunoblot analyses. These analyses revealed that the RF2 protein 
accumulates in most organs examined, including seedling and mature leaves, mesocotyls, 
roots, tassels, ears, and stems (Figure IA). However, the levels of RF2 accumulation varied 
among these organs, and it was not detectable in mature dried kernels (data not shown). A 
weak reaction signal can be detected in protein preparations from some, but not all, tissues 
from plants homozygous for the rf2-m8904 allele, suggesting either that this allele is not 
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completely null or that the purified antibody can recognize a closely related protein. There is 
no significant difference in the accumulation of RF2 protein between seedlings that carry N or 
T cytoplasm (Figure IB), nor is there a significant difference in RF2 protein accumulation 
between seedlings homozygous for rfl or Rfl (data not shown). The inbred line R213 is 
homozygous for the rf2 reference allele (rf2-R2l3). Even though this allele does not restore 
male fertility to T cytoplasm plants, the inbred line R213 accumulates RF2 protein at levels 
indistinguishable from those seen in the inbred line Ky21 (Figure IB). 
RF2 Is a Mitochondrial Protein 
Various computational analyses (Nakai, 1991) of the predicted RF2 protein suggest that 
it is targeted to mitochondria. To determine the subcellular localization of the RF2 protein, 
chloroplastic, microsomal, cytosolic, and mitochondrial fractions were prepared by 
differential centrifugation or by Percoll density centrifugation. Chlorophyll content and 
catalase, alcohol dehydrogenase, and cytochrome c oxidase activities were used as markers for 
these four fractions. These assays demonstrated that the mitochondrial fraction was not 
significantly contaminated by proteins from other organelles or the cytosol (Table 1). 
Immunoblot analyses revealed that the RF2 protein is present primarily in the mitochondrial 
fraction (Figures 2A and 2B). Furthermore, when isolated mitochondria were incubated with 
papain, in the presence of Triton X-100 the RF2 protein was digested, and in the absence of 
Triton X-100 the RF2 protein was resistant to papain digestion (Figure 2C). This result 
indicates that the RF2 protein is located within the mitochondrion and not simply associated 
44 
with its outer surface. Purified mitochondria were further fractionated into soluble and 
insoluble fractions. Cytochrome c oxidase (Errede et al., 1967) and malate dehydrogenase 
(Rocha and Ting, 1970) activities were used as markers for mitochondria membrane and 
matrix proteins, respectively. More than 98% of the cytochrome c oxidase activity was 
found in the insoluble fraction, whereas malate dehydrogenase activity was found exclusively 
in the soluble fraction. These results indicate that the insoluble fraction contains 
mitochondrial membrane proteins and that it has no detectable level of contamination by 
matrix proteins. Similarly, the soluble fraction contains mitochondrial matrix proteins and is 
not significantly contaminated by mitochondrial membrane proteins. Immunoblot analyses of 
these soluble and insoluble mitochondrial fractions revealed that RF2 is a matrix protein 
(Figure 2D). 
Assuming that the translation of the RF2 protein begins at the first methionine codon in 
the cDNA, its predicted molecular mass would be 59.4 kD. However, the RF2 protein 
contains a predicted mitochondrial targeting sequence 
(MARRAASSLVSRCLLARAPAGAPPAAPSAPRRTVPADGMHRLLPGVLQRFS) 
whose predicted cleavage site is Leu42 or Ser51 (underlined). If the predicted mitochondrial 
targeting sequence is cleaved at one of these sites, the molecular mass of the mitochondrial 
RF2 protein would be 55.3 or 54.1 kD, respectively. On the basis of SDS-PAGE analysis, 
the RF2 protein isolated from mitochondria was estimated to be 53.2 kD (data not shown). 
This sizing by PAGE indicates that the RF2 protein is translated as a precursor that is 
processed after import into the matrix space. These data are consistent with either Leu42 or 
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Ser51 being the cleavage site, because SDS-PAGE analysis cannot provide the level of 
resolution required to determine the actual cleavage site. Hence, it will be necessary to 
conduct N-terminal sequencing to determine the actual cleavage site. 
Immunolocalization experiments revealed that the accumulation of the RF2 protein is 
substantially greater in the cells of the tape turn than in other cell layers of the anther wall 
during the premeiosis stage (Figure 3). This result is consistent with the massive 
accumulation of mitochondria that occurs in the tapetal cells between the premeiotic and 
tetrad stages of microsporogenesis (Warmke and Lee, 1978). This result also suggests that 
during the premeiosis stage the amount of RF2 protein per mitochondrion may be higher in 
tapetal cells than other cells. This hypothesis is based on the observation that little RF2 
signal was observed in pollen mother cells even though the number of mitochondria per unit 
volume in pollen mother cells is about two-fold greater than that in tapetal cells during this 
stage (Warmke and Lee, 1978). 
Recombinant RF2 Exhibits ALDH Activity 
The predicted RF2 protein exhibits a high level of sequence similarity to ALDHs; 
however, the His-tagged recombinant RF2 protein produced by pLB333 did not exhibit 
ALDH activity (data not shown). This construct included a His tag, an S tag, and the 
predicted maize mitochondrial targeting sequence, any of which might interfere with ALDH 
activity. Hence, the rf2 cDNA was cloned into another expression vector, pET-17b, which 
does not include a His tag or an S tag, in such a way that the putative maize mitochondrial 
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targeting sequence was removed and only two vector-derived amino acids were added in the N 
terminus of the RF2 protein. The resulting plasmid, pMAPl 1, was transformed into the E. 
coli strain BL21(DE3). Expression of RF2 was induced by isopropylthio-P-galactoside 
(IPTG) and examined via immunoblot analysis. Although most of the recombinant RF2 
protein produced by these cells accumulated in inclusion bodies, the soluble fraction of the 
crude cellular extract accumulated levels of RF2 protein detectable via immunoblot analyses 
(data not shown). 
This soluble fraction was subjected to assays for ALDH activity in which the reduction 
of NAD* to NADH was monitored with a fluorescence spectrophotometer at 460 nm. 
Acetaldehye and glycolaldehyde were selected for these initial enzyme assays because 
acetaldehyde is a substrate in the fermentation pathway, which we have hypothesized may 
be involved in fertility restoration (Cui et al., 1996). Glycolaldehyde is structurally similar to 
lactaldehyde, which is not commercially available. Lactaldehyde is the in vivo substrate for 
the aldehyde dehydrogenase that is mutated in the JA111(DE3) strain of E. coli. When 
acetaldehyde was used as a substrate, ALDH activity was detected in extracts from 
BL21(DE3)pMAPl 1 (Figure 4). Control assays using extracts from BL21 (DE3 )pET-17b 
showed no ALDH activity (Figure 4). When glycolaldehyde was used as a substrate, ALDH 
activity was detected in extracts from both BL21(DE3)pMAPl 1 and BL21(DE3)pET-17b 
cells. This finding indicates that the BL21(DE3) strain contains endogenous glycolaldehyde 
dehydrogenase activity. However, the level of glycolaldehyde dehydrogenase activity was 
substantially greater in extracts from BL21(DE3)pMAPl 1 cells (Figure 4). These data 
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demonstrate that the RF2 protein has both acetaldehyde and glycolaldehyde dehydrogenase 
activities. 
The rf2 Gene Can Complement an E. coli ALDH Mutant 
The E. coli strain 3 (Caballero et al., 1983) can grow on media in which 1,2-propanediol is 
the sole carbon source. To use this carbon source, strain 3 must first oxidize 1,2-propanediol 
to L-lactaldehyde, which is then further oxidized to L-lactate by an ALDH. L-Lactate is 
subsequently converted to pyruvate, which can enter central metabolism (Boronat and 
Aguilar, 1979). E. coli strain JA111 differs from strain 3 in that it carries a mutation in the 
aid gene that encodes an ALDH capable of oxidizing L-lactaldehyde to L-lactate. Hence, 
unlike strain 3, strain JA111 is unable to grow on media in which 1,2-propanediol is the sole 
carbon source (Hidalgo et al., 1991). 
To determine whether rf2 can complement the aid mutant, JA111 was first lysogenized 
with XDE3, which carries the T7 RNA polymerase gene. This was done because rf2 
expression is under the control of the T7 promoter in pMAPl 1. The resulting strain 
JA111(DE3) exhibited the same inability to grow on media in which 1,2-propanediol is the 
sole carbon source as JA111 (Figure 5). Subsequently, the plasmids pMAPl 1, pET-17b, and 
pALD9 (a plasmid that carries the E. coli aid gene and that can complement the aW-deficient 
mutant of JA111) were transformed into JA111(DE3). The ability of JAl 1 l(DE3)pMAPl 1 
to express RF2 was tested using immunoblot analysis and ALDH activity assays (data not 
shown). All of the strains grew normally on glucose media, but only JAl 1 l(DE3)pALD9 
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and JAl 1 l(DE3)pMAPl 1 were able to grow on 1,2-propanediol media (Figure 5). This 
result indicates that the recombinant RF2 protein exhibits L-lactaldehyde dehydrogenase 
activity. 
It should be noted that the complementation analyses described above were performed in 
the absence of IPTG induction. This was because E. coli strain JAl 1 l(DE3)pMAPl 1 failed 
to grow on 1,2-propanediol media when induced with all tested levels of IPTG (0.5,1.0, and 
1.5 mM). In contrast, E. coli cells that expressed the endogenous aid gene from the pALD9 
construct grew on 1,2-propanediol media under all tested levels of IPTG. Both cells could 
grow on glucose media containing various levels of IPTG. The reason for this discrepancy is 
not known. 
ALDH Activity in Maize Mitochondrial Extracts 
To compare the enzyme activity of recombinant RF2 protein to that of the native RF2 
protein, ALDH assays were performed on protein extracts from maize mitochondria 
prepared from immature unpollinated ears of the inbred line Ky21 (which is homozygous for 
the functional Rf2-Ky21 allele) and a near-isogenic line homozygous for rf2-m8904. When 
acetaldehyde was used as a substrate, mtALDH activity was approximately four-fold to five­
fold greater in wild-type Ky21 plants than in mutant plants. When glycolaldehyde was used 
as a substrate, wild-type plants exhibited 16- to 34-fold greater levels of ALDH activity than 
mutants (Table 2, Figures 6A and 6B). These results demonstrate that, like the recombinant 
RF2 protein, the native RF2 protein exhibits acetaldehyde and glycolaldehyde dehydrogenase 
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activities. The levels of ALDH activity were not significantly different in mitochondrial 
extracts from N and T cytoplasm plants (Table 2), which is consistent with the fact that the 
accumulation of RF2 protein does not differ between these genotypes (Figure 1). ALDH 
assays of submitochondrial fractions revealed that ALDH activity is confined to the 
mitochondrial matrix (data not shown), which is consistent with the results of immunoblot 
analyses (Figure 2D). 
Molecular Lesion in the r/2-R213 Allele 
The inbred line R213 carries a mutant allele of rf2 (rf2-R213) that is not capable of 
restoring male fertility to T cytoplasm maize. Surprisingly, this inbred line accumulates RF2 
protein (Figure IB) of the same size and at the same level as does the inbred line Ky21, which 
carries a functional Rf2 allele. In addition, mitochondrial extracts from R213 exhibit a small 
amount of ALDH activity (data not shown). In contrast, a stock that is homozygous for rf2-
R213 but near isogenic with Ky21 accumulates rf2 mRNA (Cui et al., 1996) and RF2 protein 
(data not shown) but does not exhibit ALDH activity (Figure 6C). Hence, it appears that the 
rf2-R2l3 allele does not code for a functional ALDH. 
To identify the molecular lesion in the rf2-R213 allele, the coding region of this allele was 
amplified via reverse transcription-polymerase chain reaction (PGR) and sequenced. 
Sequence analysis revealed that the rf2-R2l3 allele (GenBank accession number AF269064) 
has four single nucleotide polymorphisms (SNPs) relative to the wild-type rf2-B73 allele 
(GenBank accession number U43082). These polymorphisms introduce three amino acid 
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substitutions (one SNP is a silent third position substitution). The RF2 protein structure 
was predicted using SWISS-MODEL (http://www.expasy.ch/swissmod; Guex and Peitsch, 
1997) using as a template bovine mtALDH (Protein Data Bank number 1 AGS), which 
exhibits 62% identity and 70% similarity to RF2. The Asn400-to-Lys and the Ile522-to-Met 
substitutions in the rf2-R213 allele are both located at the periphery of the RF2 protein 
structure (Figure 7), whereas the Pro323-to-Ser substitution is located in the substrate binding 
pocket (Liu et al., 1997; Steinmetz et al., 1997) and in the conserved catalytic Glu317 domain 
predicted by the Motifs function of the Genetics Computer Group (Madison, WI) package. 
The Asn400-to-Lys substitution mimics the functional bovine mtALDH, and the Ile522-to-Met 
substitution is conservative. In contrast, the mutation of Pro323-to-Ser is likely to greatly 
affect the protein structure. Hence, this substitution is most likely to be responsible for the 
loss of ALDH activity in the rf2-R2l3 allele. 
The r/2 Gene Is Required for Normal Anther Development in N Cytoplasm Maize 
Most maize inbred lines carry functional R/2 alleles, even though they have never been 
exposed to T cytoplasm. This suggests that the RF2 protein has an important physiological 
role other than restoring male fertility to plants that carry T cytoplasm (Schnable and Wise, 
1994). To characterize this physiological role of the rf2 gene, the effects on anther 
development of two independent transposon insertion mutant alleles, rf2-m8904 and rf2-
m9323, were characterized. These characterizations were performed on plants homozygous 
for these two alleles that were derived from three and four generations, respectively, of 
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backcrossing to the inbred line N cytoplasm Ky21. The tassels of the backcrossed rf2-m 
plants exert anthers and shed functional pollen. However, various degrees of anther arrest 
(Figure 8) were observed in plants homozygous for these two alleles compared with the near-
isogenic N cytoplasm Ky21 plants (Figure 8A). Arrested anthers were smaller than those at 
the same developmental stage in wild-type N cytoplasm Ky21 plants (data not shown) and 
failed to shed pollen. Arrested anthers were distributed evenly within affected tassels. 
A maize spikelet consists of an upper and a lower floret, each of which contains three 
anthers. Anthers in the lower floret progress through development approximately 3 days 
after those in the upper floret of the same spikelet (Hsu and Peterson, 1991). When sections 
of spikelets from N cytoplasm rf2-m plants were observed microscopically, various defects 
were observed, from slightly affected microspores to completely degenerated microspores 
and shriveled locules. As expected based on the gross examination of spikelets, these defects 
are observed mainly in the anthers from lower florets (Figure 9). 
To demonstrate that the anther arrest phenotype is caused by loss of Rf2 function, plants 
from a segregating population, resulting from the test cross (N) wx rf2-m8904/wx rf2-m8904 
x wx r/2-m8904/Wx Rf2-Ky2l were observed for anther arrest. Plants were categorized into 
five classes according to the severity of anther arrest (Figure 8). Among the progeny of this 
test cross, the anther arrest phenotype is well correlated with the waxy kernel phenotype, 
which serves as a marker for rf2 (data not shown). To further characterize the relationship 
between anther arrest and the rJ2 mutation, some plants from the N, 'N', A, and AA 
categories (see Methods for a description of the categories) were genotyped at the rfl locus 
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via restriction fragment length polymorphism (RFLP) analysis using the r/2 cDNA as a probe 
(98 6503-06 in Table 3). The ambiguous category 'A' (Figure 8C) was not genotyped. All 38 
plants from the N and 'N' categories were heterozygous rf2-m8904!Rf2-Ky21, and all 23 
plants from the A and AA categories were homozygous for the rJ2-m8904 allele. Similar 
results were obtained from a population segregating for the other tested rf2 mutant allele, rf2-
m9323. However, in this case, two exceptions were observed. Both exceptional plants were 
homozygous for rf2-m9323 but did not exhibit anther arrest (98 6509-10 in Table 3). These 
results indicate that either (1) the rf2 mutation is the cause of the anther arrest phenotype and 
the two exceptions in the population segregating for rf2-m9323 represent instances of 
incomplete penetrance or indicate the presence of a suppressing factor, or (2) the genetic 
factor that causes anther arrest is not rf2 but is closely linked to rf2. 
Two independent revertant {Rf2r) alleles derived from the excision of the nonautonomous 
transposon insertion from the rf2-m8904 allele were used to distinguish between these two 
possibilities. Both of these revertant alleles, Rf2'1036Wl03 and Rf2'l036WI10, confer male 
fertility to plants that carry T cytoplasm. Because these two revertant alleles would be 
expected to have exactly the same haplotype in the vicinity of the rf2 locus as the rf2-m8904 
mutant from which they arose, these alleles represent useful reagents for determining whether 
the anther arrest phenotype is controlled by r/2 or a closely linked gene. 
Observation of 29 progeny from the cross (N) rf2-m8904Jrf2-m8904 x 
Rf2'1036WI03/Rf2'1036WI03 revealed that all exhibited normal anther development. This 
revertant allele also was used to generate a segregating population from the test cross (N) wx 
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rf2-m8904lwx rf2-m8904 x Wx rf2-R213/wx Rf2'l036W103. All of the 9 resulting progeny 
that carried the revertant allele were normal, and 10 of 12 of the progeny that carried rf2-
m8904lrf2-R213 exhibited the anther arrest phenotype (99 6655-56 in Table 3). Similar 
results were obtained with the Rf2'1036WI 10 revertant allele (99 6657-58 in Table 3). 
Hence, these data demonstrate that R/2 function is required to prevent anther arrest in N 
cytoplasm plants. 
Partial ALDH Activity Causes Anther Arrest in T Cytoplasm 
Because the lack of r/2-encoded mtALDH activity causes complete male sterility in T 
cytoplasm plants but only partial anther arrest in N cytoplasm plants, we hypothesized that 
the full development of anthers in T cytoplasm plants requires more RF2 activity than that in 
N cytoplasm plants. To test this hypothesis, suppressive rf2 Mu insertion alleles rfl-
m9437, rf2-m9390, and rf2-m8110 were used to observe the phenotype associated with low, 
but not null, levels of RF2. Mu suppression is the loss of a A/u-induced allele's capacity to 
condition a mutant phenotype in the absence of excisional loss of the associated Mu 
transposons (Martienssen et al., 1989). Many maize A/u-induced mutant alleles, such as 
hcfl06::Mul, exhibit Mu suppression (Martienssen et al., 1989,1990; Barkan and 
Martienssen, 1991). Mu suppression occurs in the absence of high activity of the 
autonomous Mu transposon MuDR (Lowe et al., 1992; Greene et al., 1994; Martienssen and 
Baron, 1994). 
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The suppressive rf2 alleles fail to condition male sterility in T cytoplasm plants in the 
absence of MuDR (X. Cui, A.P. Hsia, D.A. Ashlock, R.P. Wise, and PS. Schnable, submitted 
manuscript). Various degrees of Mu suppression can be obtained from these suppressive 
alleles when Mu activity is at intermediate levels. Plants that carry partially suppressed rf2-
m alleles exert various numbers of anthers (from a few to almost all), some of which shed 
pollen (Figures 8G, 8H, and 81). Analysis of individual spikelets revealed that exerted 
anthers are always derived from the upper florets, whereas the anthers in most lower florets 
are arrested in their development. The z/2-mediated anther arrest that occurs in these 
partially suppressed T cytoplasm plants closely resembles the arrest that occurs in N 
cytoplasm plants completely lacking RF2 activity. Therefore, the full development of 
anthers in T cytoplasm plants requires more RF2 activity than in N-cytoplasm plants. 
Similarly, the full development of anthers in lower florets requires more RF2 activity than in 
upper florets. 
Discussion 
CMS systems play important roles in the production of hybrid seed. In addition, they serve 
as useful models for the study of mitochondrial mutations and nucleus-mitochondria 
interactions (Mackenzie et al., 1994). Despite the considerable effort that has been directed 
toward understanding CMS systems, the rf2 gene remains the only nuclear restorer of CMS 
to be cloned from any species. As such, it represents a unique resource for the study of the 
molecular mechanisms associated with fertility restoration. 
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CMS systems often are associated with the presence of novel mitochondrial open reading 
frames (Schnable and Wise, 1998). In at least some cases, it is known that the gene products 
associated with these open reading frames cause male sterility (Gengenbach et al., 1981 ; 
Kemble et al., 1982; Umbeck and Gengenbach, 1983; Fauron et al., 1987; Wise et al., 1987b; 
He et al., 1996). Hence, nuclear genes that disrupt the normal accumulation of these gene 
products can function as nuclear restorers. Examples of this type of nuclear restorer include 
the Fr gene, which is capable of directing the loss of the CMS-associated pvs sequence from 
the Phaseolus vulgaris mitochondrial genome (MacKenzie and Chase 1990), and the rfl gene, 
which reduces the accumulation of the cms-T-associated URF13 protein (Dewey et al., 
1987; Kennell and Pring, 1989). In contrast, even though the rf2 gene is a nuclear restorer of 
cms-T, it does not affect the accumulation of URF13. Hence, the analysis of the rf2 gene has 
defined another general mechanism by which nuclear genes can function as restorers. Instead 
of affecting the accumulation of CMS-associated gene products, "compensatory restorers," 
such as r/2, provide "work around" solutions that compensate for the metabolic dysfunctions 
caused by CMS-associated gene products. 
The rf2 Gene Encodes a mtALDH 
The first two steps toward defining the mechanism by which rf2 compensates for the as-
yet-undefined metabolic disruptions induced by URF13 were to determine the enzymatic 
function and the localization of the RF2 protein. The sequence-based prediction that the rf2 
gene encodes an ALDH (Cui et al., 1996) was tested via three independent approaches. First, 
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it was established that recombinant RF2 protein has acetaldehyde and glycolaldehyde 
dehydrogenase activities. Second, the rf2 gene was shown to complement an E. coli mutant 
that requires L-lactaldehyde dehydrogenase activity. Third, protein extracts of mitochondria 
purified from wild-type maize plants were found to contain more acetaldehyde and 
glycolaldehyde dehydrogenase activities than similar extracts from rf2 mutant plants. Hence, 
we conclude that the rf2 gene encodes an ALDH. 
The accumulation of the RF2 protein to high levels in the tapetal layer of anthers is 
consistent with the observation that premature degeneration of the tapetum occurs in 
unrestored cms-T plants (Wamke and Lee, 1977). Subcellular and suborganellar fractionation 
experiments established that the RF2 protein accumulates in the mitochondrial matrix and 
thereby have confirmed and extended the sequence-based predictions of Cui et al. (1996). 
mtALDH Activity Is Required for Fertility Restoration of cms-T Maize 
The results described above establish that the r/2 gene encodes a mtALDH. However, it 
is formally possible that some feature of the RF2 protein, other than its ALDH activity, is 
responsible for its ability to function as a restorer. For example, the ALDH-derived m-
crystallin lacks ALDH activity and functions as a structural protein in the lens of squid and 
octopus (Zinovieva et al., 1993). Analysis of a spontaneous r/2 mutant allele provided data 
to test this hypothesis. Plants homozygous for rf2-R213 accumulate mRNA (Cui et al., 
1996) and protein (Figure IB) of the same sizes and in the same amounts as do nonmutant 
plants. However, the protein encoded by this allele does not exhibit ALDH activity (Figure 
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6). Sequence analysis of rf2-R213 defined a single amino acid substitution, Pro323 to Ser, that 
is likely to be responsible for the loss of ALDH activity. Hence, these data strongly support 
the view that the rf2 gene functions as a restorer of fertility by virtue of its ability to encode 
ALDH activity. 
The Metabolic Role of //2-Encoded mtALDH 
One of the challenges of the postgenomic era is how to assign enzymatic functions to 
thousands of newly identified proteins. In many instances, it is possible to obtain clues 
regarding the functions of these proteins on the basis of sequence similarities and high 
throughput functional assays (Martzen et al., 1999). However, once an enzymatic function 
has been established, there remains the even more difficult "postpostgenomic" challenge of 
defining the precise metabolic roles of the enzymatic functions within an organism. This 
challenge exists because orthologous proteins can have different metabolic functions among 
organisms and the same protein can have different functions within an organism. 
Because mtALDHs typically have many potential substrates (Klyosov, 1996), the task 
of determining the specific aldehyde(s) that must be oxidized during fertility restoration is 
particularly challenging. Although the three-dimensional structure of the RF2 protein has 
been predicted via modeling using the known structure of a mammalian class II mtALDH as a 
template (Steinmetz et al., 1997), this information does not provide information regarding the 
metabolically important substrates) of this enzyme. Biochemical approaches to defining this 
substrate are complicated by the fact that mutants of the rf2 gene exert their effects on male 
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fertility (at least in T cytoplasm maize) in only a single internal cell layer of the anther (i.e., 
the tapetum). 
One function of mtALDHs in mammals is the detoxification of ethanol-derived 
acetaldehyde. It has been established that enzymes involved in fermentation (i.e., pyruvate 
decarboxylase [EC 4.1.1.1], alcohol dehydrogenase [EC 1.1.1.1], and aldehyde dehydrogenase 
[EC 1.2.1.3]) are expressed during microspore development (reviewed by Tadege et al., 
1999); this study established that the RF2 protein exhibits acetaldehyde dehydrogenase 
activity. Hence, we are currently using a genetic approach to test the hypothesis that the 
metabolically significant substrate of RF2 is acetaldehyde. 
However, diverse aldehydes are produced via numerous metabolic pathways, including 
the peroxidation of membrane lipids that can result from oxidative stress (Siu and Draper, 
1982); glycine biosynthesis (Davies, 1959); the catabolism of threonine (Styrvold et al., 
1986), phenylalanine (Ferrandez et al., 1997), and tyrosine (Ferrandez et al., 1997); vitamin 
A metabolism (McCaffery and Drager 1993); and indole-3-acetyl acetate biosynthesis 
(Marumo, 1986). Other biogenic aldehydes and retinaldehydes also are possible substrates of 
RF2. In mammalian systems, trace amounts of such products are capable of affecting gene 
action (Sladek et al., 1989; Lindahl, 1992). Hence, in parallel with testing specific 
hypotheses, we are also conducting genetic screens for suppressors and enhancers of rf2 
mutants with the expectation that the nature of the genes identified via these screens will 
provide clues regarding the specific biochemical pathway(s) in which the r/2-encoded 
mtALDH functions during fertility restoration. 
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The rf2 Gene Has a Function Independent of Its Role in Restoration 
Most of the examined maize inbred lines (15 of 17) carry functional alleles of the rf2 gene 
(Wise et al., 1999). The two exceptions, R213 and Wf9, carry the same mutant r/2 allele, 
because R213 was derived from Wf9 (D. Duvick, personal communication). Because most 
inbred lines have never (or have only recently) been exposed to T cytoplasm, it has been 
hypothesized that the r/2 gene must have been selected during evolution for a function other 
than fertility restoration (Schnable and Wise, 1994). According to this hypothesis, the r/2 
gene was recruited only recently to serve as a nuclear restorer. However, the nature of this 
other (presumed) function was not predicted, because r/2 was not known to confer any 
phenotype in maize that does not carry T cytoplasm. 
The detailed analyses reported here establish that the r/2 gene plays a significant 
developmental role, even in plants that do not carry T cytoplasm. Specifically, this gene is 
required for normal anther development in plants that carry N cytoplasm. The recruitment of 
the r/2 gene to serve as a nuclear restorer demonstrates the ability of plant genomes to 
respond to novel metabolic disturbances. 
Because the r/2 gene has been recruited only recently to serve its new function as a 
restorer of CMS, it is not surprising that the levels of r/2 mRNA (Cui et al., 1996), RF2 
protein, and r/2-encoded ALDH activity are not higher in T cytoplasm than in N cytoplasm 
maize (Figures 1 and 6). However, this latter observation also indicates that r/2-encoded 
levels of ALDH activity are high enough in N cytoplasm plants to accommodate the 
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enzymatic functions) required for restoration of T cytoplasm plants. This is true even 
though an analysis of suppressive rf2 alleles suggests that higher levels of rf2 expression are 
required for anther development in T cytoplasm that in N cytoplasm maize. However, it 
should be noted that although rf2 mutants affect anther development in plants that carry 
either N or T cytoplasm, the metabolic role that the RF2 protein plays during the restoration 
of cms-T may differ from the role that it plays during anther development in N cytoplasm 
maize. 
Although the upper floret develops several days earlier than the lower floret from the 
same spikelet (Hsu and Peterson, 1991), the two florets do not exhibit visually detectable 
differences in their developmental programs. However, because this study revealed that rfl 
mutations preferentially affect the lower florets in plants that carry either T or N cytoplasm, 
we hypothesize that even at the same developmental stage upper and lower florets will 
exhibit different patterns of gene expression. 
Methods 
Maize Strains and r/2 Alleles 
The inbred maize (.Zea mays) line Ky2I is homozygous for functional alleles of the rfl 
(Rfl-Ky21) and rf2 (Rf2-Ky21) loci. The inbred line R213 is fixed for Rfl and rfl. Because 
R213 was derived from a cross between Ky21 and Wf9 (rfl~W]9, rf2-Wf9) (D. Duvick, 
Pioneer Hi-bred International, Inc., personal communication), the Rfl allele carried by R213 
must be Rfl-Ky2l. Similarly, the rfl allele in R213 must be identical to rfl-Wf9. However, to 
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be consistent with previous nomenclature, this allele is referred to as rf2-R213. A Texas (T) 
cytoplasm version of Ky21 was generated by backcrossing a T cytoplasm version of the 
inbred line R213 to Ky21 for seven generations. Restriction fragment length polymorphism 
(RFLP) analysis established that the resulting line is homozygous for Rfl-Ky21 and RJ2-
Ky21. The T cytoplasm versions of Ky21 homozygous for the rf2-m or rf2-R2l3 mutant 
alleles were generated by backcrossing each allele to Ky2l for at least three generations. All 
lines used in this study carry the Rfl-Ky2l allele. 
The rf2-m alleles were derived from Mutator or Spm/En transposon tagging experiments 
(Schnable and Wise, 1994). The progenitor alleles of rf2-m8122, rf2-m9323, rf2-m9390, and 
rf2-m8ll0 have been described (Cui et al., 1996). Based on sequence comparisons, the 
progenitor allele of rf2-m9437 (GenBank accession number AF318138) is RJ2-B79 (GenBank 
accession number AF318135). The progenitor allele of rf2-m8904 (GenBank accession 
numbers AF318130, AF318131, and AF318132) has not yet been identified. However, it is 
not Rf2-B79, RJ2-Q66 (GenBank accession number AF318133), R/2-Q67 (GenBank accession 
number AF318134), or R/2-B77 (GenBank accession numbers AF318136 and AF318137). 
When originally isolated, the rJ2-m8904 allele conferred a stable male-sterile phenotype. 
However, it appears to contain a transposon insertion. This conclusion is based on the 
observation that the allele can produce functional revertant alleles (Rf2r) that contain an RFLP 
relative to rf2-m89Q4 (see below). 
Genetic analyses established that the rf2-m8904 allele does not contain an autonomous 
Spm/En transposon insertion (Schnable and Wise, 1994). However, some crosses (e.g., 95 
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1902-21/2945) between stocks that carried r/2-m8904 and related stocks derived from the 
Spm/En tagging population yielded progeny that produced tassels with male-fertile sectors, 
presumably because they were chimeric for revertant R/2' alleles. Pollen from revertant 
sectors was used to pollinate T cytoplasm R213 plants. Some of the resulting progeny were 
male fertile and self-pollinated. Plants that were homozygous for two revertant alleles, 
Rf2'1036W103 (GenBank accession numbers AF318139, AF318140, and AF318141) and 
Rf2'l036Wll0 (GenBank accession numbers AF318142, AF318143, and AF318144), were 
identified by RFLP analysis. The 1.2-kb partial r/2 cDNA probe (Cui et al., 1996) detected 
two distinct Hindlll fragments of approximately 9 and 10 kb in DNA from plants 
homozygous for r/2-m8904 but only a single 10-kb fragment in DNA from plants 
homozygous for the revertant alleles. In contrast, the six introns (844 bp) of these alleles that 
have been sequenced are identical to the corresponding introns of r/2-m8904, even though 28 
single nucleotide polymorphisms (SNPs) were identified between these alleles and the R/2-
B73 allele (GenBank accession number AF215823). Hence, it appears that R/27036W103 
and Rf2'1036W110 arose from r/2-m8904 via the excision of a nonautonomous transposon 
that was activated by the introduction of an autonomous transposon via the cross described 
above. 
Genotype and Phenotype Determinations 
Immature ears or young leaves were collected from plants to be genotyped. DNA was 
extracted from ears according to a procedure described by Dellaporta et al. (1983). Ten 
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micrograms of DNA was digested with Kpnl at 37°C for 3 hr and separated on a 0.8% 
agarose gel. DNA gel blot analyses (Sambrook et al., 1989) were conducted on these DNA 
samples using as a probe the full length rJ2 cDNA isolated from prf27311 (Cui et al., 1996) 
labeled with 32P. 
Male fertility and anther arrest phenotypes were scored in the morning for several days 
during the period of pollen shed. Plants were scored for male fertility according to the scale 
of Schnable and Wise (1994). The degrees of anther arrest were categorized into five classes 
(N, 'N', 'A', A, and AA). The N category is equivalent to the phenotype displayed by 
Ky21 (Figure 8A); 'N' category plants have very few arrested anthers (Figure 8B); 'A' 
category plants have some arrested anthers but fewer than half of the lower florets contain 
arrested anthers (Figure 8C); most of the lower florets in A category plants contain arrested 
anthers (Figure 8D); and most anthers in most of the lower florets in AA category plants are 
arrested (Figure 8E). 
Expression of the RF2 Protein in Escherichia coli 
Polymerase chain reaction (PCR) was performed using primers r£2-B2 (5Z-
AAGATCTGATGCACAGGCTGTTGCCA-3') and rf2-xq (5'-
CCAACTTTCCAGGCATACATCA-3') to amplify a portion of the r/2 cDNA (nucleotides 
368 to 918) from plasmid pr£27311 that contains the 2.2-kb full length r/2 cDNA (Cui et al., 
1996). The 5' primer (rf2-B2) was synthesized such that it contained an extra Bglll site; the 
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3' primer (rf2-xq) was downstream of an internal Ndel site. A three-fragment ligation was 
conducted using the 367-bp BglII-Ndel PCR product, the 1493-bp Ndel-Kpnl fragment 
from prf27311, and the BgM-Kpnl fragment of the expression vector pET-30b (Novagen, 
Madison, WI). The resulting plasmid was termed pLB333. Plasmid pMAPl 1 was generated 
in a similar fashion except that the 5' primer (rf2-lpl, 5'-
GTCTAGAACCGCAGCAGCAGTAGAGG-3') carried an Nhel site, the PCR product 
included nucleotides 407 to 918 from prf27311, and the cloning vector was Nhel-Kpnl-
digested pET-17b. 
Both plasmids were transformed into the E. coli strain BL21(DE3) for expression. 
Transformed cells were incubated at 37°C overnight, transferred to 200 mL of fresh medium 
(1.6% tryptone, 1.0% yeast extract, and 0.5% NaCl) the next morning, and incubated in a 
37°C shaker. Once the OD^o reached 0.8 to 1.0,1 mM isopropylthio-0-galactoside (IPTG) 
was added and incubation was continued for another 3 hr or until the ODgoo reached 1.5. 
Antibody Preparation and Purification 
RF2 protein that had been expressed from pLB333 as a fusion protein containing six 
histidines (His tag), and the S tag was purified by Ni2+ affinity chromatography under 
denaturing conditions using the protocol described in the sixth edition of the Novagen pET 
system manual. The eluted fraction was dialyzed sequentially against TEN buffer (100 mM 
Tris, pH 8.0,10 mM EDTA, and 50 mM NaCl) containing 3, 1, or 0.5 M urea. Finally, this 
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fraction was dialyzed twice against TEN buffer without urea. The dialysis tubing containing 
RF2 protein was embedded in ground sucrose overnight, and then its contents were passed 
through a Sephadex G-75 column equilibrated with 50 mM Tris, pH 8.0, and 0.1 M NaCl. 
Aliquots of fractions of the flow through were subjected to SDS-PAGE and then transferred 
to nitrocellulose membranes. The RF2-containing fractions could be recognized because they 
contained detectable levels of S tag peptide, which was detected according to the 
manufacturer's instructions (Novagen). Fractions that contained the S tag (and hence the RF2 
protein) were pooled. SDS-PAGE analysis of the pooled fractions revealed only a single 
Coomassie Brilliant Blue R 250-stainable protein of about the size expected for the 
recombinant RF2 protein (i.e., 57 kD). 
The recombinant RF2 protein was concentrated to 1 mg/mL using a Millipore (Bedford, 
MA) spin column (Centriplus 30) and then used as an antigen to inject rabbits. Two weeks 
after the second injection, antisera were collected and used directly or further purified 
according to Dumbroff and Gepstein (1993) with the following modifications. Maize tassels 
with the genotype rf2-m8904/rf2-m8904 Ky21 were ground in TBS buffer (25 mM Tris, pH 
7.5, and 150 mM NaCl) supplemented with 1 mM phenylmethylsulfonyl fluoride (Sigma, St. 
Louis, MO), 5 mM EDTA, and 1 gg/mL E-64 (Sigma), filtered through four layers of 
cheesecloth, and spun at 12,000g for 10 min. An 8- x 8-cm2 piece of nitrocellulose membrane 
was incubated at room temperature on a shaker for 3 hr in the resulting supernatant, which 
contained 100 mg of protein extracted from the rf2-m8904/rf2-m8904 tassels. The membrane 
was washed in TBS four times and rinsed in PBS (0.8% NaCl, 0.02% KCI, 0.14% Na2HP04, 
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and 0.024% KH2P04, pH 7.2). The bound protein was fixed to the membrane by treatment 
with 0.2% glutaraldehyde in PBS for 1 hr and subsequently washed sequentially in PBS and 
TBS. One milliliter of antiserum was added to 10 mL of TBS and incubated with the 
membrane overnight at 4°C. The solution was collected and loaded onto a protein A-agarose 
column and washed with 10 volumes of TBS. Antibodies were eluted from the column using 
0.1 M glycine, pH 3.0, neutralized with 1.0 M Tris, pH 8.0, passed through a PBS-
equilibrated Sephadex G-25 spin column, divided into aliquots, and stored at -20°C. 
Immunolocalization 
Maize anthers at the premeiotic stage were dissected and fixed at 4°C for 6 hr in 2% 
glutaraldehyde, 3% paraformaldehyde, and 0.1 M sodium cacodylate, pH 7.0. The fixed 
anthers were dehydrated in 25, 50,75, 80,90,95, and 100% (twice) ethanol for 20 min each 
and then infiltrated with ethanol:LR White (Electron Microscopy Sciences, Fort Washington, 
PA) (1:3), ethanokLR White (1:1), ethanohLR White (3:1), and LR White (twice) for 30 min 
each (modified from Parthasarathy, 1994). The embedded anthers were left in a 60°C oven 
overnight and then cross-sectioned into l-|im-thick sections. These sections were mounted 
on polylysine-treated slides, blocked with 5% dry milk in TBS, and incubated with purified 
anti-RF2 polyclonal antibodies (final concentration, 36.5 pg/mL) at 37°C for 3 hr. Slides 
were washed with TBS three times for 10 min each and then incubated with 10-nm gold-
labeled goat anti-rabbit IgG secondary antibodies (1:3000; Sigma) at 37°C for 3 hr. The gold 
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particles were enhanced using a silver enhancing kit (SE-100; Sigma) and viewed and 
photographed with a phase contrast light microscope. 
Light Microscopy 
Maize spikelets and anthers at various stages were fixed in 50% ethanol, 5% acetic acid, 
and 3.7% formaldehyde at room temperature for 24 hr. Fixed tissues were dehydrated, 
infiltrated, and embedded in paraffin (Sylvester and Ruzin, 1994). Cross-sections of 10 to 20 
Hm were deparaffined and stained with toluidine blue for observation via bright-field 
microscopy. 
Sequencing 
DNA sequencing was performed at the Iowa State University DNA Sequencing and 
Synthesis Facility on an automated sequencer (ABI 373A; Applied Biosystems, Foster City, 
CA). Sequence assembling and analyses were performed using the Wisconsin GCG software 
package, version 10.0-Unix, from the Genetics Computer Group. Polymorphisms detected 
between rf2-R213 cDNA and wild-type RJ2-B73 were confirmed by sequencing polymorphic 
regions obtained by PCR amplification of the rf2-R213 allele from genomic DNA of the 
inbred line R213. 
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E. coli Complementation 
E. coli strain JAl 11 was lysogenized with a recombinant XDE3 phage (Novagen) 
according to the manufacturer's instructions. The resulting strain was designated 
JAl 11(DE3) and carried a T7 RNA polymerase gene under the control of the lacUVS 
promoter. Plasmid pALD9 carries an E. coli aldehyde dehydrogenase that complements the 
E. coli aid-deficient mutant JAl 11 (Hidalgo et al., 1991). Plasmids pALD9, pMAPl 1, and 
pET-lTb were each transformed into JAl 11(DE3) by electroporation. Two pMAPl 1 
transformants (pMAPl 1-1 and pMAPl 1-2) and one pET-17b transformant were selected 
for further analysis. Each E. coli culture was streaked in duplicate on basal medium (Boronat 
and Aguilar, 1979) supplemented with either 40 mM glucose or 40 mM 1,2-propanediol as 
the sole carbon source and incubated at 37°C. Cells grown on glucose were scored after 24 hr 
of incubation, whereas cells grown on 1,2-propanediol were scored after 3 days. 
Cell Fractionation and Mitochondria Preparation 
Mitochondria to be used in the subcellular localization experiment were purified from 4-
day-old etiolated Ky21 seedlings via Percoll gradient centrifugation (Jackson and Moore, 
1979). Chloroplasts were prepared from 7-day-old green maize Ky21 seedlings according to 
Leegood and Walker (1983). Chlorophyll (Leegood and Walker, 1983), catalase (Vigil, 1983), 
alcohol dehydrogenase (Freeling and Schwartz, 1973; Quail, 1979), and cytochrome c oxidase 
(Errede et al., 1967) were used as markers in chloroplastic, microsomal, cytosolic, and 
mitochondrial fractions, respectively. For the catalase assay, fractions were passed through a 
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Sephadex G-15 spin column equilibrated with 0.1 M phosphate buffer, pH 7.0, before the 
enzyme assay. 
Mitochondria for other purposes were prepared from either etiolated maize seedlings or 
unpollinated ears according to the method of Payne et al. (1980) and then further purified by 
sucrose cushion centrifugation (Jackson and Moore, 1979). The proteinase protection assay 
of mitochondria was conducted according to Huang et al. (1990), except that papain was used 
instead of proteinase K. 
To isolate the membrane and soluble fractions from mitochondria, purified mitochondria 
were resuspended in 20 mM 3-(jV-morpholino)-propanesulfonic acid, pH 7.5, and 1 mM 
DTT to yield a 0.2 mg/mL protein solution and sonicated three times for 10 sec each using a 
Fisher model 60 sonicator set at 15 W. The solution was then spun at 100,000g for 2 hr. 
The supernatant contained the soluble mitochondrial proteins. The pellet was resuspended 
and washed once with 20 mM 3-(Ar-morpholino)-propanesulfonic acid, pH 7.5, and 1 mM 
DTT and centrifuged as described above. The resulting pellet was collected and resuspended 
in the buffer described above. 
Preparation of Protein Extracts, SDS-PAGE, and Immunoblot Analysis 
E. coli protein was prepared according to the sixth edition of the Novagen pET system 
manual. Total maize protein was prepared by grinding tissue in 2 to 4 volumes of 0.1 M 
Tris, pH 8.0,0.1 M NaCl, 5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 0.1% Triton 
X-100, and 1% insoluble polyvinylpyrrolidone and then centrifuging the resulting material at 
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14,000g for 20 min. The supernatant was subjected to SDS-PAGE according to Sambrook et 
al. (1989). Separated proteins were transferred to a nitrocellulose membrane using a semidry 
electrophoretic transfer cell (Bio-Rad, Hercules, CA) at 20 V for 2 hr. Membranes were 
blocked using 3% BSA in TBS and incubated with purified anti-RF2 antibodies at room 
temperature for 3 hr, washed with TBS and 0.05% Tween 20 three times for 10 min each, and 
then incubated with anti-rabbit IgG alkaline phosphatase secondary antibody (1:30,000 
dilution; Sigma) for 1 hr. The result was visualized by staining with nitroblue tetrazolium/5-
bromo-4-chloro-3-indolyl phosphate (Sigma). 
ALDH Assays 
For E. coli aldehyde dehydrogenase (ALDH) assays (modified from op den Camp and 
Kuhlemeier, 1997), cells were washed with water and resuspended in 0.1 volume of the 
original cell cultures of 0.1 M Hepes, pH 7.4, 1 mM EDTA, 2 mM DTT, and 0.1% Triton 
X-100, treated with lysozyme (0.1 mg/mL) on ice for 20 min, and sonicated three times for 
10 sec each using a Fisher model 60 sonicator at maximum output. Between sonication 
treatments, the cellular extract was cooled in an ice water bath. The lysate was centrifuged at 
14,000g for 20 min. The resulting supernatant was used as a crude enzyme extract. 
For maize mitochondrial ALDH assays, mitochondria were prepared from maize 
seedlings or unpollinated ears according to Payne et al. (1980). The resulting mitochondrial 
pellet was resuspended in 0.1 M Hepes, pH 7.4, 1 mM EDTA, 2 mM DTT, and 0.1% 
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Triton X-100, sonicated, and centrifuged as described above. The resulting supernatant 
served as a crude enzyme extract. 
For each ALDH assay, 200 pg of E. coli protein extract or 180 ng of mitochondrial 
protein extract was added to a reaction mixture containing 1.5 mM NAD (Sigma) and 0.1 M 
sodium pyrophosphate buffer, pH 8.5, and the total volume was adjusted to 1.0 mL with 
water. After 30 sec of prereaction, aldehyde (17 pM acetaldehyde or 20 fiM glycolaldehyde) 
was added to the mixture, which was excited at 360 nm, and the emission fluorescence of 
NADH was recorded at 460 nm at 10-sec intervals for up to 2 min on a model F-2000 
fluorescence spectrophotometer (Hitachi, Tokyo, Japan). ALDH activity was expressed as 
nanomoles of NADH production per minute per milligram of protein. 
Reverse Transcription-PCR of rf2-R213 
RNA from immature tassels (still in the whorl) from the inbred line R213 was extracted 
according to Dean et al. (1985). First strand DNA synthesis was conducted from 5 gg of 
RNA using a 3' rapid amplification of cDNA ends kit (Gibco BRL, Rockville, MD) and rf2-
specific primers (r£2-xq, 5'-CC AACTTTCC AGGC AT AC ATC A-3 and RF2C2, 5'-
CCAGGCTAGGGCAAATCTTAT-3'). The resulting DNA was used as a template in 
subsequent PCR reactions with various rf2 primer combinations that covered the entire rf2 
coding sequence. Both strands of the PCR products were sequenced completely. 
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Tables 
Table 1. Markers for Cell Fractionation* 
Chloroplastic Fraction Microsomal, Cytosolic, and Mitochondrial Fractions 
Total" Chloroplastic Totalc Microsomal Cytosolic Mitochondrial 
COX" 0.392 ± 0.032' 0 0.480 ±0.018 0.348 ±0.048 0.072 ±0.003 2.712 ±0.084 
ADHd ND ND 0.290 ±0.013 0.011 ±0.007 0.526 ±0.017 0 
Catalased 0.742 ±0.013 0 1.231 ±0.132 8.743 ± 0.520 0.650 ±0.100 0.339 ±0.015 
Chlorophyll® 2.069 ±0.126 10.396 ± 0.039 ND ND ND ND 
8 Data represent the average of three measurements from one typical experiment. 
b The homogenate of green seedlings that was used for the isolation of the chloroplastic fraction. 
c The homogenate of etiolated seedlings that was used for the isolation of microsomal, cytosolic and mitochondrial 
fractions. 
d The enzyme activities are expressed as arbitrary units per minute per milligram of protein. COX, cytochrome c 
oxidase; ADH, alcohol dehydrogenase. 
e Chlorophyll concentration is expressed as milligrams of chlorophyll per milligram of protein. 
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Table 2. Maize mtALDH Assay® 
T Cytoplasm N Cytoplasm 
Rft rf2-mc RJ2h rf2-mc 
Acetaldehyde (17 pM) 7.03 ±0.58 1.43 ±0.08 7.23 ±0.15 1.87 ±0.25 
Glycolaldehyde (20 jiM) 7.73 ±0.29 0.23 ±0.13 6.43 ±0.29 0.40 ±0.17 
* Reaction rates are expressed as change in relative fluorescence units (RFU) at 460 nm per 
minute per milligram of mitochondrial protein. Data represent the average of three 
measurements. 
b Inbred line Ky21. 
c rf2-m8904frJ2-m8904 backcrossed into Ky21 for three generations. 
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Table 3. Correlation between Anther Arrest and rf2 Genotype in 
Progeny from the Test Cross: (N) rf2-m/rJ2-m x rf2-m!Rf2 
Row No. Genotype a N + 'N'b A + AAb 
98 6503-06 rf2-m8904lrf2-m8904 0 23 
rf2-m8904IRf2-Ky21 38 0 
98 6509-10 rf2-m9323lrf2-m9323 2 17 
rf2-m9323!Rf2-Ky2l 30 0 
99 6655-56 rf2-m8904!rf2-R213 2 10 
rf2-m8904/Rf2 '1036W103 9 0 
99 6657-58 rf2-m8904lrf2-R213 2 12 
rf2-m8904/R/2'1036Wl JO 13 0 
a Genotypes were established via DNA gel blot analyses using 
the partial xf2 cDNA as a probe. 
" Anther phenotypes were scored in the morning during the 
period of pollen shedding. Examples of each phenotype are 
shown in panels A-E, Figure 8. 
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Figure Legends 
Figure 1. Immunoblot Analysis of RF2 Protein Accumulation. 
(A) Different organs from mutant and wild-type maize plants, w, Rf2-Ky21/Rf2-Ky21\ m, 
rf2-m8904/rf2-m8904. Both maize strains carried T cytoplasm and had been backcrossed to 
the inbred line Ky21 for three generations. Ear, a young unpollinated ear approximately 10 
cm long; young tassel, premeiotic stage of microsporogenesis; older tassel, early microspore 
stage of microsporogenesis; mesocotyl and root, both from 7-day-old seedlings. The lower 
panel is a duplicated gel stained with Coomassie Blue and serves as a protein loading control. 
(B) Seedlings of different cytoplasmic and nuclear backgrounds. Total protein extracts were 
prepared from 7-day-old seedlings homozygous for the indicated alleles in the indicated 
cytoplasmic background. Rf2-Ky2l and rf2-m8904 are in a Ky21 genetic background, and the 
rf2-R2l3 allele is carried by the inbred line R213 with the indicated cytoplasm. The lower 
panel is a duplicated gel stained with Coomassie Blue and serves as a protein loading control. 
Figure 2. RF2 Protein Accumulates in Mitochondria. 
(A) Homogenate (Hg), purified chloroplastic (Ch), microsomal (Ms), cytosolic (Cy), and 
mitochondrial (Mt) fractions of Ky21 seedlings were subjected to SDS-PAGE and stained 
with Coomassie Blue. 
(B) A duplicate gel was transferred to a nitrocellulose membrane and reacted with affinity-
purified anti-RF2 antibodies. 
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(C) Protein extracts from isolated mitochondria of the inbred line Ky21 were treated with 
Triton X-100 and papain as indicated, subjected to SDS-PAGE, transferred to a nitrocellulose 
membrane, and reacted with affinity-purified anti-RF2 antibodies. 
(D) Purified mitochondria from Ky21 seedlings were subjected to sonication and 
centrifbgation to isolate the soluble and membrane fractions and then subjected to 
immunoblot analysis. Mt, purified mitochondria; Inf, insoluble fraction; Sf, soluble fraction. 
Figure 3. Immunolocalization of the RF2 Protein. 
(A) Diagram of a cross-section of one locule of an anther (from Kiesselbach, 1980). The 
approximate position of the areas shown in (B) and (C) is indicated by the box. 
(B) Cross-section of a T cytoplasm anther of the inbred line Ky21 that is homozygous for 
the Rf2-Ky21 allele incubated with affinity-purified rabbit anti-RF2 antibodies, followed by 
gold-labeled goat anti-rabbit IgG antibodies and silver enhancement. 
(C) Cross-section of an anther from T cytoplasm rf2-m8904/rf2-m8904 treated as described 
for (B). 
E, epidermis; EL, endothecium; ML, middle layer; T, tapetum; PM, microspore pollen 
mother cell. Bars in (B) and (C) = 10 gm. 
Figure 4. ALDH Assay of £ co/z-Expressed Recombinant RF2. 
Crude extracts of £ coli expressing the RF2 protein were assayed for ALDH activity. RFU 
460, relative fluorescence units at 460 nm. 
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Figure 5. The rf2 gene can complement an E. coli aW-deficient mutant. 
(A) Basal medium plus glucose. 
(B) Basal medium plus l ^ -propanediol. 
-1, JA111; -2, JA111(DE3); +, JA11 l(DE3)pALD9; Vector, JA11 l(DE3)pET-17b; RF2-1, 
JAlll(DE3)pMAPll-l; RF2-2, JAlll(DE3)pMAPll-2. 
Figure 6. Mitochondrial ALDH Assay. 
ALDH activity was measured in extracts from mitochondria purified from unpollinated ears 
produced by T cytoplasm (A) or N cytoplasm (B) plants or from etiolated seedlings (C) of 
the indicated genotypes. Results from one typical experiment are shown. Data from (A) and 
(B) are summarized in Table 2. RFU, relative fluorescence units. 
Figure 7. Structure of the RF2 Protein. 
This structure was predicted by SWISS-MODEL (Guex and Peitsch, 1997) using bovine 
mtALDH (Protein Data Bank number 1AG8) as a template. The stereo images were 
prepared using MOLMOL (Koradi et al., 1996). Residues Glu317, Pro323, Cys351, Asn400, and 
He522 in the RF2 sequence are equivalent to amino acid residues Glu267, Pro273, Cys301, Lys350, 
Ser472 in Protein Data Bank number IAG8, respectively. 
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Figure 8. Anther Arrest in rf2 Plants Carrying N or T Cytoplasm. 
(A) Normal anther development on a tassel branch from N cytoplasm Ky21. 
(B) to (E) Various degrees of anther arrest on tassel branches from different plants in a 
segregating population resulting from the cross (N) rf2-m9323!rf2-m9323 x rf2-m9323IRf2-
Ky21. Arrows identify arrested anthers. 
(F) Normal anther development on a tassel branch from a fully suppressed T cytoplasm 
plant homozygous for rf2-m9390. 
(G) to (I) Various degrees of anther arrest on tassel branches from partially suppressed T 
cytoplasm plants homozygous for rf2-m9437. 
(J) Completely sterile tassel branch from an unsuppressed T cytoplasm plant homozygous 
for rf2-m9437. 
Figure 9. Microscopic Observation of Anther Arrest. 
(A) Illustration of a normal maize spikelet. 
(B) A spikelet from an N cytoplasm Ky21 plant. 
(C) A spikelet from an N cytoplasm plant homozygous for rf2-m9323 and near-isogenic with 
Ky21. 
(D) and (E) Anthers from the lower florets of N cytoplasm plants homozygous for rf2-
m8904. 
(F) and (G) Anthers from the lower florets of N cytoplasm plants homozygous for rf2-
m9323. 
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CHAPTER 4. MUTATIONS OF THE MAIZE pdc3 GENE REDUCE 
TOLERANCE TO ANAEROBIC STRESSES BUT DO NOT AFFECT 
MALE FERTILITY 
A paper to be submitted to Plant Physiology 
Xiangqin Cui,"lb Yan Fu,a,b Brian E. Scheffler,c Carl R. Simmons,d Robert B. Meeley,d and 
Patrick S. Schnable 1,b,c'f* 
Abstract 
Anaerobic fermentation provides short-term tolerance to the anaerobic stress that plants 
experience in flooded soils. During anaerobic fermentation, pyruvate is converted to ethanol 
and NAD* is regenerated to allow glycolysis to continue in the absence of oxygen. Pyruvate 
decarboxylase (PDC) catalyzes the first step in this pathway, the conversion of pyruvate to 
acetaldehyde. PDC is highly induced by anaerobic stress and is the rate-limiting enzyme in 
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this pathway. However, because pdc mutants were not available in any plant species, it has 
not been possible to obtain direct evidence of the relationship between PDC activity and 
anaerobic stress tolerance. Biochemical characterizations established that a recombinant 
protein encoded by the maize pdc3 gene exhibits PDC activity. A reverse genetic system 
was used to generate multiple mutant alleles for this gene. These mutants exhibit 
dramatically reduced levels of tolerance to anaerobic stress. Wild-type seedlings can 
routinely tolerate more than 72 hours of anaerobic stress. In contrast, seedlings homozygous 
for pdc3 mutants are not able to survive 12 hours of anaerobic stress, and most die after six 
hours. The physiological lesion associated with these mutants is first visible near the 
coleoptilar node beginning about four hours after the onset of anaerobic stress. Mutant 
alleles of the pdc3 gene were also characterized for their relationship to male sterility. The 
mutation of pdc 3 does not affect male fertility in plants that carry either T or N cytoplasm. 
Introduction 
When oxygen is limited in plants, the TCA cycle and the electron transport chain are 
blocked. The product of glycolysis, pyruvate, is reduced to lactate by lactate dehydrogenase 
(LDH; EC 1.1.1.27) or converted to ethanol by pyruvate decarboxylase (PDC; EC 4.1.1.1) 
and alcohol dehydrogenase (ADH; EC 1.1.1.1). This second pathway is known as the major 
pathway of anaerobic fermentation. The production of NAD* from either of these pathways 
allows glycolysis to continue and thereby produce a limited amount of ATP (reviewed by 
Drew 1997; Sachs 1993). The enzymes involved in these pathways are up-regulated shortly 
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after the onset of oxygen limitation, while general protein synthesis is dramatically reduced 
(Kennedy et al., 1992; Sachs 1993; Chritopher and Good, 1996). 
Among the enzymes involved in the plant anaerobic fermentation pathway, ADH has 
been most extensively characterized (reviewed by Freeling and Bennett, 1985). Maize has 
two genes that encode ADH, adhl and adh2 (Freeling and Schwartz 1973; Gerlach et al., 
1982; Dennis et al., 1985). Both are highly induced by anaerobic conditions (Freeling, 
1973). Wild-type seedlings can usually survive about three days of anoxia, but a null adhl 
mutant can survive only a few hours (Schwartz, 1969). However, comparison of ADH 
activity among various isogenic lines indicated that a small amount of ADH activity [20 
milliunits (nmol NADH produced/min)] is sufficient to maintain a high level of anaerobic 
fermentation. This suggests that ADH is not the rate-limiting enzyme in this pathway 
(Roberts et al., 1989; Lemke-Keyes and Sachs 1989). In contrast, over-expression of PDC 
dramatically increased the flux through the fermentation pathway in transgenic tobacco 
leaves, suggesting that PDC is the rate-limiting enzyme (Bûcher et al., 1994). 
Yeast has three highly conserved genes, pdc J, pdc5, and pdc6, that encode PDC. 
Mutations in these genes cause growth deficiencies on media in which glucose is the sole 
carbon source (reviewed by Pronk et al., 1996). Multiple pdc genes have also been cloned 
from some plant species; for example, two from tobacco (Bûcher et al., 1995), three from 
rice (Rivoal et al., 1997), and three from maize (Kelley, 1989; Peschke and Sachs, 1993). 
However, the functions of these plant pdc genes have not been well established due to the 
lack of pdc mutants. 
The maize pdc gene, pdc I, was cloned by screening cDNA libraries using 
oligonucleotides designed from pdc sequences of proteobacteria and yeast (Kelley, 1989). 
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Two more partial maize pdc cDNA clones, pdc2 and pdc3, were subsequently isolated from 
libraries constructed from anaerobically treated seedlings using the pdc I cDNA as probe. 
The amino acid sequences of both pdc2 and pdc3 have about 85% identity to that of pdc I. 
All three maize pdc genes are anaerobically induced, but their induction patterns vary 
(Peschke and Sachs, 1993). The induction patterns of pdc I and pdc2 are similar in that their 
expression is not detectable in aerobic seedlings via RNA gel blot analysis, but rapidly 
increases after two to four hours of anaerobic treatment, followed by gradual reduction. The 
expression of pdc3 peaks after four hours of anaerobic treatment and then decreases rapidly. 
Of the three pdc genes, only pdc3 can be detected in aerobic shoots via RNA gel blot 
analysis. 
The anaerobic fermentation pathway can also function, at least in some tissues, under 
aerobic conditions. For example, ADH is highly expressed in maize pollen (Schwartz, 
1969). Both ADH and PDC are highly expressed during microsporogenesis and pollen 
germination in tobacco (Tadege and Kuhlemeier, 1997). The fermentation intermediate 
(acetaldehyde) and product (ethanol) are also detected at high levels in these tissues. Indeed, 
fermentation accounts for two thirds of the carbohydrate metabolism in tobacco pollen 
germinated in vitro (Bûcher et al., 1995). In addition, the flux through this pathway is not 
influenced by oxygen availability, but rather by sugar concentration in the medium (Bûcher 
et al., 1995; Tadege and Kuhlemeier, 1997). However, the production of ethanol by this 
pathway is not thought to be essential for pollen development and germination because maize 
adh null mutants do not affect pollen development (Schwartz, 1969). 
Due to the lack of pdc mutants in any of the plant species, there has been no direct 
evidence that PDC is necessary for anaerobic tolerance. The study of the relationship 
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between the fermentation pathway and anther development is also hampered by the lack of 
pdc mutants. Here we present the isolation and characterization of mutants in the maize pdc3 
gene. Significantly, these pdc3 mutant alleles exhibited reduced tolerance to anaerobic 
stress. The relationship between the pdc3 mutants and male fertility is also investigated. 
Results 
Isolation of pdc genes 
The cDNA sequence of the maize pdcl gene was downloaded from GenBank (GenBank 
accession number X59546). The cDNA sequences of pdc2 and pdc3 were established by 
sequencing EST clones with high sequence similarity (>95%) to the existing partial cDNA 
sequences of pdc2 and pdc3 (GenBank accession numbers: D14456 and D14457, Peschke 
and Sachs, 1993). The full-length cDNA sequence ofpdc2 (GenBank accession number: 
AF370003) was obtained by sequencing a 1.4-kb EST clone (Pioneer clone CHSUB56R) and 
extending the sequence toward the 5' end via RT-PCR and 5' RACE. The full-lengthpdc3 
cDNA sequence (GenBank accession number: AF230005) was obtained by sequencing two 
EST clones and removing the unspliced intron from the full-length clone (Pioneer clone 
p0102.cerbfl4r) based on sequence comparisons with the partial clone (Pioneer clone: 
CLOPK68R) and RT-PCR products. Sequence comparisons among pdcl,pdc2, andpdc3 
revealed that relative to pdcl and pdc3, the pdc2 gene has two small insertions, 3-bp and 6-
bp, in the coding region. The predicted molecular weights of the PDC2 and PDC3 proteins 
are 63.7 kD and 65.1 kD, respectively, which are very similar to the predicted 65.2 kD PDCl 
protein (Kelley 1989). 
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The genomic sequence of the maize pdcl from inbred line W22 (Kelley et al., 1991) was 
also downloaded from GenBank (GenBank accession number XI7555). The genomic 
sequences of maize pdc2 (GenBank accession number: AF370004) and pdc3 (GenBank 
accession number: AF370006) were obtained by sequencing genomic clones isolated from 
maize B73 genomic libraries. Sequence comparisons between cDNA and genomic clones 
established the gene structures for pdc2 and pdc3 (Figure 1 A). The structure of pdcl 
(Kelley et al., 1991) is shown for comparison. The pdc2 and pdc3 genes each contain five 
introns. The intron/exon junctions are conserved between these two genes. The pdcl gene 
(Kelley, 1989), however, has only three introns. It lacks the second and the third introns of 
pdc2 and pdc3. Each of its three existing introns has conserved intron/exon junctions with 
the corresponding introns in pdc2 and pdc3. The structural comparisons among the three pdc 
genes suggest that pdc2 and pdc3 are more similar to each other than either of them are to 
pdcl. However, the phylogenetic tree built using the amino acid sequences of three maize 
pdc genes and other full-length plant pdc genes in GenBank groups pdcl and pdc3 together 
(Figure 2). Therefore, the relationship among these three pdc genes is not clear. 
The number of pdc genes 
As a consequence of genome duplication (Gaut and Doebley, 1997; Gale and Devos, 1998; 
Moore, 2000), many maize gene families are expected to have even numbers of members. 
To date, searches of EST databases have revealed the existence of only three maize pdc 
genes. Hence, if there is a fourth pdc gene, it must be expressed at very low levels, in limited 
cell types, or only under "unusual" conditions. A low-stringency genomic DNA gel blot 
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hybridization was conducted to determine whether the maize genome contains additional pdc 
genes (Figure 3). Genomic DNA from the inbred line B73 was digested with two restriction 
enzymes and hybridized at low stringency to a 320-bp fragment from a region of the pdc2 
cDNA that is well conserved among the three pdc genes (85% identity among pdcl,pdc2 and 
pdc3 DNA sequences). Because the B73 alleles of the three known pdc genes do not contain 
recognition sites for any restriction enzymes used in the digestion within the 320-bp probe 
region, the appearance of any additional band would represent the existence of an 
unidentified homolog in the maize genome. At least four bands were visible from each 
digestion, which indicates that there are at least four pdc-hybridizing sequences in the maize 
genome. 
Expression of the pdc3 gene in E. coli 
A 65-kD maize protein with PDC activity was previously purified from maize kernels; 
antisera raised against this protein specifically precipitate the protein synthesized in vitro 
from the pdcl gene (Lee and Langston-Unkefer, 1985; Kelley, 1989). To determine whether 
the pdc3 gene encodes an active PDC protein, pdc3 cDNA was cloned into an £. coli 
expression vector, pET-lTb and the recombinant protein was expressed and assayed for PDC 
activity. Initially, the construct, pEPDC3, was transformed into E. coli strain BL21(DE3) for 
expression of recombinant PDC protein. However, this construct was highly unstable in this 
strain (data not shown). Based on the hypothesis that this instability was a consequence of 
leaky expression of PDC, pEPDC3 was transformed into another strain of E. coli, 
BL21(DE3)pLysS, in which expression of the T7 promoter is more tightly regulated. In 
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strain BL21(DE3)pLysS, the stability of pEPDC3 was substantially improved. Following 
induction with isopropylthio-B-galactoside (IPTG), crude protein extracts from these 
BL21(DE3)pLysS clones that harbor the pEPDC3 construct were assayed for PDC activity. 
PDC activity was detected in one of three protein extracts (Figure 4). 
Isolation of pdc3 mutants 
The Trait Utility System for Corn (TUSC) is a reverse genetics system for isolating Mutator 
transposon insertion mutants in genes with known sequences (Bensen et al., 1994). Mu-
specific primers in combination with primers specific to the pdcl sequence (Figure I) were 
used to screen a large TUSC population for Mv-insertion alleles. Three independent Mu 
insertion alleles, pdc3-m2015, pdc3-m2012, andpdc3-m2043, were obtained (Figure 1). 
Each of these alleles contains an exonic Mul insertion. Due to the difficulties encountered in 
PCR-genotyping the pdc3-m2043 allele, this allele was not used in the further 
characterizations. 
pdc m RNA accumulation in pdc3-m mutants 
The accumulation of pdc mRNAs in pdc3-m mutants was compared with that in wild-type 
controls (the inbred line Ky21), using semi-quantitative RT-PCR (Figure 5). The expression 
patterns of pdcl and pdc2 in the pdc3 mutant are similar to those observed in the wild-type 
control (Figure 5 A and 5B). Both genes are expressed in shoots and roots at low or 
undetectable levels under normal conditions, but at high levels after 7.5-hours of anaerobic 
treatment. In the wild-type control, the pdc3 gene is expressed at a low but detectable level 
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in both shoots and roots under normal conditions, and is also highly induced by the 7.5-hour 
anaerobic treatment (Figure 5C). In the pdc3 mutants, the expression of pdc3 is barely 
detectable in the anaerobically treated roots and shoots. Because the primers used for the 
pdc3 RT-PCR experiment flank the Mul insertion in the pdc3-m20I2 allele (Figure 1), this 
trace amount of RNA accumulation could arise from somatic excision events of the Mul 
insertion. To test this hypothesis, these RT-PCR products were purified, subcloned, and 
sequenced. Sequence comparisons between these RT-PCR products and the pdc3 gene 
demonstrated that the pdc3 mRNA accumulation in seedlings homozygous for pdc3-m20l2 
is indeed derived from somatic transposon excision events (data not shown). 
PDC enzyme activity in pdc3 mutants 
To determine whether the dramatic reduction of pdc3 mRNA accumulation in pdc3-m 
mutants reduces the total PDC activity in these plants, PDC activity was measured in crude 
protein extracts isolated from shoots and roots of five-day-old seedlings. The results are 
shown in Figure 6. Extracts from shoots of seedlings homozygous for pdc3-2012 exhibit less 
PDC activity than those from wild-type Ky21 controls, regardless of whether or not these 
seedlings were subjected to anaerobic treatment (Figure 6A). These data also suggest that 
although the expression of PDC3 is reduced in pdc3 mutants, the expression of PDC 1 and 
PDC2 is not dramatically elevated in these mutants (Figure 5). When compared within 
genotypes, PDC activity is higher in anaerobically treated seedlings (12 hr) than that in 
untreated seedlings (0 hr) in both wild-type Ky21 and pdc3-m20l2 mutant seedlings. This 
result is consistent with the anaerobic induction of the pdc genes (Figure 5). A similar 
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pattern was obtained from seedling roots, except that the PDC activity is much lower in pdc3 
mutant seedlings than that in wild-type control seedlings, suggesting that pdcl accounts for a 
larger portion of PDC activity in seedling roots than shoots (Figure 6B). PDC activity assays 
with seedlings homozygous for another pdc3 mutant allele, pdc3-m20I5, gave similar 
patterns for both shoots and seedling roots (data not shown). 
Reduced anaerobic survival ofpdc3 mutant alleles 
Since PDC is the rate-limiting enzyme in the anaerobic fermentation pathway (Bûcher et al., 
1994), and mutations of the pdc3 gene affect levels of PDC activity, these mutations might 
affect tolerance to anaerobic stresses. Two pdc3 mutant alleles, pdc3-m20l2 and pdc3-
m2015, were tested for their ability to confer tolerance to anaerobic stress. The results are 
shown in Figure 7. Both mutant alleles start to succumb after six hours of anaerobic 
treatment and no pdc3 mutant seedlings survived 12 hours of treatment. In contrast, all wild-
type controls survived over 36 hours. Both roots and shoots of pdc3 mutant seedlings 
became flaccid after six hours of anaerobic treatment, while those of the wild-type controls 
remained turgid even after 36 hours of anaerobic treatment. Unlike the wild-type controls 
after 24 hours of recovery under light at room temperature, mutant shoots did not develop 
chlorophyll. Instead, the mutant seedlings turned brown and died. 
After a shorter period (four to six hours) of anaerobic treatment, the mutant seedling 
shoots remain turgid; however, after the subsequent 12-hour recovery period under aerobic 
conditions, some of the shoots exhibited a small area of damage located in the vicinity of the 
coleoptilar node. Following a longer recovery period (over 24 hours) this region underwent 
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desiccation. When observed under a light microscope, cells in this region show damage and 
deformation after a 12-hour recovery period (Figure 8). To test whether the anaerobic 
induction of pdc3 at this region is stronger than in the remainder of the shoot, 3mm-thick 
cross sections of the shoot that included the coleoptilar node were separated from the 
remainder of the shoot. Semi-quantitative RT-PCR assays for pdc3 expression demonstrated 
that the induction level at this region is similar to the remainder of the shoot after a four-hour 
anaerobic treatment (Figure 9). Hence, the reason for the coleoptilar node's hypersensitivity 
to anaerobic stress in the pdc3 mutants is not known. 
Correlation between homozygosity ofpdc3 mutants and reduced survival to anaerobic 
stress 
To establish the correlation between loss ofpdc3 function and reduced anaerobic tolerance, 
seedlings from a segregating population resulted from the test cross, pdc3-m20l5/pdc3-
m2015 x pdc3-m2012/Pdc3, were treated with anaerobic stress for 12 hours and then allowed 
to recover for 24 hours. Out of 76 seedlings treated, 40 survived. The progeny from this 
cross are expected to segregate 1:1 for homozygous mutant seedlings and those that carry a 
functional Pdc3 allele. If homozygosity for pdc3 mutant alleles confers reduced resistance to 
anaerobic stress, the surviving seedlings should be predominantly hétérozygotes. The 
surviving seedlings were genotyped for pdc3 via PCR and the results are shown in Table 2. 
Of the 40 seedlings that survived the anaerobic treatment, 39 carried a functional Pdc3 allele 
(i.e. pdc3-m2015/Pdc3). The single exceptional homozygous mutant was transplanted to soil 
in parallel with pdc3-m20l5IPdc controls. This pdc3-m20l2/pdc3-m2012 plant never 
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emerged from the soil while the controls grew well during a 3-week observation period. 
Similar results were obtained for the pdc3-m2015 allele (Table 2). 
The pdc3 mutants do not affect male fertility 
It has been hypothesized that the conversion of pyruvate to acetate by PDC and ALDH might 
be involved in anther and pollen development in maize (Cui et al., 1996; Tadege et al., 1999; 
Liu et al., 2001). If this were true, mutations in pdc3 might be expected to affect anther 
development. The pdc3 mutant alleles, pdc3-m2012 and pdc3-m2015, were crossed as males 
onto the inbred line Ky21, which carries normal cytoplasm (N). The resulting progeny were 
self-pollinated. Plants that were homozygous for the two pdc3 alleles were identified by 
PGR. All such plants had fully developed tassels and were male fertile (data not shown). 
This result indicates that mutations of pdc 3 do not affect male fertility in plants that carry 
normal cytoplasm. 
Maize T cytoplasm accumulates a novel protein, URF13, in its mitochondrial inner 
membrane, that damages the mitochondria. The rf2 gene is one of the two nuclear restorer 
genes of T cytoplasm (Wise et al., 1999). Mutant alleles of the rf2 gene condition male 
sterility in plants that carry T cytoplasm, while they only cause anther arrest in the lower 
florets of plants that carry N cytoplasm (Liu et al., 2001). The pdc3-m alleles were crossed 
into a version of the inbred line Ky21 that carries T cytoplasm. The resulting T-cytoplasm 
heterozyous plants were self-pollinated to produce F: families. Six (T) pdc3-m20I5 
homozygotes and five (T) pdc3-m20l2 homozygotes were identified in these segregating 
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families. All such plants had fully developed anthers and were male fertile. These results 
indicate that pdc 3 mutants do not cause male sterility in T-cytoplasm plants. 
It has also been hypothesized that the accumulation of toxic acetaldehyde in the rf2 
mutants could be the cause of male sterility in T-cytoplasm plants. If this were true, mutation 
of pdc genes, and the consequent reduction in PDC activity, might eliminate the 
accumulation of acetaldehyde, and therefore, complement the rf2 mutant phenotype. To 
exclude this possibility, the male fertility of progeny from the test cross: (T) rf2!rf2 pdc3-
m2015/Pdc3 X (N) rf2trf2 pdc3-m2015/pdc3-m20I5 was observed. If pdc 3 mutants can 
overcome the r/2-induced male sterility, half of the progeny from this test cross would be 
male fertile. However, all 40 observed progeny were male sterile. PCR genotyping of these 
plants indicated that 25 of them were homozygous for pdc3-m2015. Hence, this result does 
not support the hypothesis that the toxicity of acetaldehyde accumulated in r/2 mutants is the 
cause of male sterility in T-cytoplasm plants. However, a final conclusion as to whether 
male sterility in (T) rf2 plants is caused by accumulation of toxic acetaldehyde can not be 
reached until mutations of the other two pdc genes (and the double and even triple mutants) 
are similarly tested. 
Transmission of pdc3-m through pollen 
Tobacco pdc genes are expressed during microsporogenesis and the fermentation pathway 
accounts for 70% of carbohydrate metabolism in pollen germinated on media (Bûcher et al., 
1995). Therefore, the loss of PDC activity associated with pdc3 mutants might affect their 
ability to be transmitted through pollen. To test this hypothesis, a segregating population 
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from the test cross, pdc3-m2015/pdc3-m2015 x pdc3-m2012/Pdc3 (male parent), was used to 
test the transmission of pdc3-m20l2 relative to Pdc3. Results are shown in Table 1. Out of a 
total of 79 genotyped seedlings from this cross, 42 had the genotype pdc3-m2012/pdc3-
m2015 and 37 had the genotype Pdc3/pdc3-m2015. A x2 test showed that this ratio is not 
significantly different from the expected 1:1. This result indicates that the pdc3-m2102 allele 
is transmitted through pollen at the same rate as a non-mutant allele. The pdc3-m2012 allele 
is also transmitted through female gametes as efficiently as the non-mutant allele (Table 1). 
Discussion 
Members of the maize pdc gene family and their relationships 
The maize genome is a segmental allotetraploid such that most loci have been duplicated 
once (Gaut and Doebley 1997; Gaut et al., 2000). However, only three maize pdc genes have 
been identified so to date. Although a low-stringency DNA gel blot hybridization with a 
probe that is well conserved among the three pdc genes detected more than three hybridizing 
bands, the extra band does not necessarily represent an active gene. It could be a fragment of 
pdc sequence duplicated in the genome similar to the 278-bp pdc sequence found in a 
defective retrotransposon element (Christopher and Good, 1999) or a pseudogene such as the 
rice pdc3 (Hossain et al., 1994). 
One hypothesis to explain the three pdc genes in the maize genome is that one of the pdc 
genes underwent duplication or deletion after the alloploidization. According to this 
hypothesis, two of the three pdc genes should be paralogs, and would therefore be located in 
syntenic regions of the genome. The pdcl and pdc2 genes were mapped 50 cM apart on 8L 
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and 8S, respectively; thepdc3 gene was mapped on IS (Peschke and Sachs 1993). The short 
arm of chromosome 8 and the short arm of chromosome 1 are syntenic regions (Wilson et al., 
1999), which suggests that pdc2 and pdc3 may be paralogs. This conclusion is supported by 
the fact that the gene structures of pdc 2 and pdc 3 are completely conserved, while pdcl lacks 
two introns relative to pdc2 and pdc3. However, the pdc2 gene has two small insertions, 3-
bp and 6-bp, in the coding region compared with pdcl and pdc3, which indicates that pdcl 
and pdc3 are more similar. The protein-sequence-based phylogenetic tree also groups pdcl 
and pdc3 together. Therefore, the evolutionary relationship among the three maize pdc genes 
is still not clear. 
Function of the maize pdc3 gene 
Recombinant PDC3 protein exhibits PDC activity in vitro. In addition, protein extracts from 
seedlings homozygous for pdc3 mutants have less PDC activity than do similar extracts from 
wild-type seedlings. These results establish that the pdc3 gene encodes PDC activity. 
The expression of recombinant PDC3 was achieved only after the inducible pdc3 
construct was transformed into an E. coli strain (BL21(DE3)pLysS) that has tight control 
over the inducible promoter. Even in this strain PDC activity was detected in only one of 
three transformation events. The failure of the other two events to exhibit detectable levels 
of PDC activity may have been due to their cell growth status at the time of their induction 
by IPTG. The pdc3 construct was highly unstable in E. coli strain, BL21(DE3), which does 
not tightly control the expression of recombinant proteins in the absence of IPTG. This 
suggests that E. coli may have a low tolerance for even small amounts of PDC activity. 
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Because E. coli does not contain endogenous PDC activity (Pronk et al., 1996) the 
accumulation of recombinant PDC3 might interfere with pyruvate metabolism or result in the 
production of toxic levels of aldehyde. 
Although all three maize pdc genes are all induced by anaerobic stress (Peschke and 
Sachs, 1993), direct evidence that these genes or similar genes in other plants are involved in 
anaerobic stress resistance has been lacking. The finding that seedlings homozygous for 
pdc3 mutants exhibit dramatically reduced the tolerance to anaerobic stress provides direct 
evidence for the importance of PDC activity in anaerobic tolerance in plants. The 
physiological lesion associated with the pdc3 mutants is first visible at the region 
surrounding the coleoptilar node. However, although the pdc3 gene plays a critical role in 
this region, semi-quantitative PCR experiments established that pdc3 is not over-expressed at 
the mRNA level in this region relative to the remainder of the shoot. Interestingly, seedlings 
homozygous for pdc3 mutants do not exhibit elevated expression of pdcl and pdc2 either at 
the level of mRNA or enzyme activity. 
The fermentation pathway is also active under aerobic conditions in anthers during 
microsporogenesis and in germinating pollen (Freeling and Bennett, 1985; Bûcher et al., 
1995). One hypothesis is that the function of aerobic fermentation in these tissues is to 
produce acetate from acetaldehyde by aldehyde dehydrogenase (ALDH). Acetate can then 
be used for lipid biosynthesis or other metabolic pathways, which could be important for the 
high energy and metabolism requirements in these tissues. Therefore, the production of 
ethanol from acetaldehyde by ADH might be just a flow control for the production of acetate 
during microsporogenesis and/or pollen germination. Support for this hypothesis comes 
from the detection of high levels of ALDH in tobacco pollen and tapetal cells during 
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microsporogenesis (op den Camp and Kuhlemeier, 1997). In addition, inhibition of ALDH 
activity hampers tobacco pollen tube growth (Roel et al., 1997). Further evidence comes 
from the study of the maize rf2 gene, which encodes a mitochondrial ALDH and is highly 
expressed in tapetal cells during microsporogenesis (Cui et al., 1996; Liu et al., 2001). 
Mutation of the rf2 gene affects anther development in the lower florets (Liu et al., 2001) and 
male sterility in plants that carry T-cytoplasm (reviewed by Schnable and Wise, 1998; Wise 
et al., 1999). A direct test of this hypothesis would be to determine whether pdc mutants 
affect anther development in the same fashion as do the rf2 mutants. The current study 
established that mutation ofpdc3 does not affect anther development, which indicates that 
the pdc3 gene is at least not uniquely involved in this process. This result is not surprising, 
because either pdcl or pdc2 could presumably substitute for pdc3. In fact, the tobacco pdc 
gene that is constitutively expressed in anther (Tobpdc2) is not the one (Tobpdcl) that 
responds to anaerobic induction in leaves (Bûcher et al., 1995; Tadege and Kuhlemeier, 
1997). Another possibility is that the RF2 protein does not function as a restorer of T 
cytoplasm male sterility through this pathway. Detailed characterization of the mutants of 
pdcl, pdc2, and/or the double even the triple mutants of the three pdc genes should help to 
address these questions. 
Materials and Methods 
Plant materials 
Maize (Zea mays L.) F% families segregating for Mu-insertion mutants at pdcl, pdc2 or pdc3 
were obtained from Pioneer Hi-Bred Intl. Inc., Johnston, I A. Plants that carry pdc mutant 
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alleles were crossed to the inbred lines (T) Ky21 and (T) R213. (T) Ky21 carries Rfl-Ky2l 
and Rf2-Ky21 and (T) R213 carries Rfl-Ky21 and r/2-R213. 
Cloning of pdc2 and pdc3 
The DuPont/Pioneer EST database was searched using a partial pdc2 cDNA sequence 
(GenBank accession number D14456) and a partial pdc3 cDNA sequence (GenBank 
accession number D14457). Both strands of the resulting pdc2 (pdc2-A5) and pdc3 (pdc3-
A7 and p0102) EST clones were sequenced. The pdc2-A5 sequence was extended toward 
the 5' end from mRNA isolated from B73 using a One Step RT-PCR kit (Qiagen, Valencia, 
CA) with primers pdc2e (5'-GCT CAGGTGCTTCCAGAACG-3') and pdc2d2 (5*-
GGTAGGCATCGGCAGACTCG-3') according to the manufacture's instructions. A 
GeneRacer kit (Invitrogen, Carlsbad, CA) was used to further extend the sequence to the 5' 
end using primer pdc2f (5-CGTTCTGGAAGC ACCTGAGC-3 ') according to the 
manufacture's instructions. 
The partial pdc2 and pdc3 EST clones, pdc2-A5 and pdc3-A7, were used to screen two 
maize B73 genomic libraries. Library screening conditions were as described by XU et al. 
(1997). Two overlapping positive clones, XI111 and X10163, were obtained forpdc2 and 
two overlapping positive clones, X9-1 and X3-6, were obtained for pdc3. These positive 
clones were sequenced using a transposon-based sequencing method (Strathmann et al., 
1991). 
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Expression of pdc3 cDNA in E. coli 
The pdc3 DNA sequence used for expression in E. coli was derived from two EST clones, 
p0102 and pdc3-A7. The 390-bp fragment from the 5' end of p0102 was PCR-amplified 
using primers, PDC3L (5'ATCCATGGCTA GCCACATCGGATCCGTGAACGGG-3') and 
PDC3N (5'- CCGATGGTGTGGTGG AGGATGC-3'). The resulting PGR product was 
digested with Nhel and Apal. The remainder of the pdc3 cDNA was release from pdc3-A7 
using Apal and Notl. A three-fragment ligation was performed using the Nhel/Apal fragment 
from the PGR reaction, the ApallNotl pdc3 fragment from pdc3-A7 and pET-17b vector 
(Novagene, Madison, WI) that had been digested with Nhel and Notl. The products of this 
ligation were transformed into E. coli strain DH5a and positive clones were identified via 
PGR. The purified construct was then transformed into other E. coli strains, BL21(DE3) and 
BL21(DE3)pLysS (Novagene), for protein expression. Protein expression was conducted 
according to the Novagene protocol. Crude protein extracts were obtained as previously 
described (Liu et al., 2001). 
Isolation of pdc3 mutants 
Primers specific for the pdc3 gene, pdc3-F (S'-ATTGCTGAGACTGGTGACTCCTGGTTC 
A-3'), and pdc3-R (5-CCCACCGTGCTA CAGCTTACTATCAC-3'), were designed based 
on the maize pdc sequences in the GenBank (GenBank accession number: D14457). The 
specificities of these primers were tested by hybridizing the PGR products obtained using 
these primers in conduction with maize genomic DNA templates with sequence-confirmed 
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pdc3 probes isolated from plasmid pPDC3-37. These primers were then used to screen the 
Pioneer Hi-Bred TUSC population. 
Primers specific to the pdc3 gene and a primer specific to the Mu terminal inverted 
repeats, Mu_TIR [5'-AGAGAAGCCAACGCCA(AT)CGCCTC(CT)ATTTCGTC-3'], were 
used to amplify from each pdc3 mutant allele. Sequences of these PCR products were 
compared with the pdc3 genomic sequence to identify the Mu-insertion site in each pdc3 
mutant allele. Sequences of these PCR products were also compared with the Mu transposon 
sequences in GenBank to determine the identities and orientations of the Mu insertions. 
Requests for seed of the pdc3 mutants should be directed to Pioneer Hi-Bred 
International, Inc. and may require a Materials Transfer Agreement. 
Low-stringency DNA gel blotting 
Maize genomic DNA was isolated using a IX CTAB procedure (Saghai-Maroof et al. 1984). 
Approximately 10 ng of DNA was digested with the indicated restriction enzyme in a 30 ill 
reaction volume for more than three hours and then separated via electrophoresis in a 0.8% 
agarose gel. DNA was transferred to nylon filters (MSI, Westboro, MA) and hybridized with 
a 320-bp probe, pdc2YFL-F, labeled with dCTP32 (AUSUBEL et al. 1999), at 65°C 
overnight in hybridization solution (6 x SSPE, 0.02% PVP, 0.02% Ficoll, 1% SDS). 
Washing was performed in Wash I (2 x SSPE, 0.5% SDS) at 50°C for 15 minutes twice and 
in Wash II (5mM TrisCl, 0.1% SDS) at 65°C for 10 minutes. The 320-bp probe, pdc2YFL-
F, was PCR-amplified from X10163 phage DNA using primers pdc2-YFL (5'-ACTTCA 
ACCTCACGCTGCTC-3') and pdc2F (5-CGTTCTGGAAGCACCTGAGC-3'). The PCR 
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conditions were: preheating at 94° for 2 minutes, denaturing at 94°C for 45 seconds, 
annealing at 58°C for 1 minute, extension at 72°C for 2 minutes for 34 cycles in the presence 
of one unit of Taq polymerase (Promega, Madison, WI) and 10% DMSO. 
PCR analyses 
The allele-specific PCR reactions for genotyping each pdc mutant allele or Mu insertion 
determination were conducted using the A/m_T1R primer together with the /w/c-specific 
primers (Figure 1). The PCR conditions were: preheating at 94° for 2 minutes, denaturing at 
94°C for 45 seconds, annealing at 62°C for I minute, extension at 72°C for 2 minutes for 34 
cycles in the presence of one unit of Taq polymerase (Promega). 
RT-PCR was performed according to the 3' and 5' RACE manual provided by GIBCO 
BRL. About 0.5 ug of total RNA was used for the first strand synthesis using the reverse 
gene-specific primers, pdcl-i, pdc2-i, pdc3-R, and Act515 (5'-CCGATTGAGCATGGCA 
TTG-3 ). One eighth of the reaction was used for the subsequent PCR using the above 
reverse primers paired with the forward gene-specific primers, pdcF, pdc2-ii, pdc3-F, and 
Act326 (5 -ATCGGCAATCCCAGGAAAC-3 ), respectively. The PCR conditions were: 
preheating at 94°C for 2 minutes, denaturing at 94°C for 45 seconds, annealing at 62°C for 1 
minute, and extension at 72°C for 2 minutes for 30 cycles at the presence of 2.5 unit of Taq 
polymerase (Promega). PCR products were separated on 1.0% agarose gel and transferred 
onto nylon membranes (MSI). The nylon membranes were hybridized with pdcl, pdc2 and 
pdc3 cDNA probes released from plasmids pPDCl, pdc2-A5, and pdc3-A7, respectively. 
The actin RT-PCR products were hybridized with sequence-confirmed PCR product. 
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PDC enzyme activity assay 
The PDC enzyme activity assay was performed according to Bûcher et al., (1994) with minor 
modifications. In this assay, PDC activity is detected via the oxidation of NADH to NAD* 
when the product, acetaldehyde, is converted to ethanol by ADH. The protein concentrations 
of crude extracts from seedling shoots and roots were determined using the Bio-Rad Protein 
Assay (Catalog No. 500-0006, Bio-Rad Laboratories, Hercules, CA). Thirty gg of shoot 
protein, 20 p.g of root protein or 30 |ig of E. coli protein were used in a 333-p.l reaction. 
NADH concentrations were measured using a plate reader, Spectra MAX Plus (Molecular 
Devices, Sunnyvale, CA), at OD340 over a 15-minute period. Yeast PDC (Promega, Catalog 
No. p-6810) was used as a positive control. The PDC activity was calculated according to 
Bucher etal. (1994). 
Anaerobic tolerance test 
The anaerobic tolerance test was performed according to the methods of Lemke-Keyes and 
Sachs (1989) with modifications. Sterilized seeds were rolled in wet germination paper 
(Anchor Paper, St. Paul, MN). The bottom of the paper rolls were soaked in water and kept 
in a 28°C stationary incubator. Twenty seedlings that were 5- to 8-cm long and had closed 
coleoptiles were sealed in a Magenta plant cell culture vessel (Sigma, St. Louis, MO) filled 
with 5mM TRIS-HC1,200mg/L ampicillin, pH 7.0 for various lengths of time. The seedlings 
were rolled into fresh germination paper after the anaerobic treatment and allowed to recover 
for 12 to 24 hours under light at room temperature. 
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To test the correlation between loss of pdcS function and reduced anaerobic tolerance, 
five-day-old seedlings were subjected to 24-hour anaerobic treatment and allowed to recover 
for 24 hours. The surviving seedlings (green) were divided into groups of five for pooled 
DNA isolation. The DNA sample from each seedling group was genotyped via PCR using 
primer pdc3-F (for family 98gl462 /1444-5) or pdc3-R (for family 98gl458 /1445-2) in 
combination with the Mu_TIR primer. Seedlings from the groups that contained pdc3-
m2015/pdc3-m2012 DNA were genotyped individually. The survived pdc3-m20I5/pdc3-
m2012 seedlings were transplanted into soil together with four controls and allowed to grow 
under greenhouse conditions for three weeks. 
Light microscopy 
Maize seedling shoots and roots were fixed in FAA (50% ethanol, 5% acetic acid and 3.7% 
formaldehyde) at room temperature for 24 hours. Fixed tissues were dehydrated, infiltrated, 
and embedded in paraffin (Sylvester and Ruzin, 1994). Cross sections of 10 to 20 |im were 
deparaffinized and stained with Toluidine Blue for observation via bright field microscopy. 
DNA sequencing and analysis 
DNA sequencing was performed at the Iowa State University DNA Sequencing and 
Synthesis Facility on an automated sequencer (ABI3 73A, Applied Biosystems) using 
DyeTerminator technology, and on a 4200 LiCor sequencer at the USDA-ARS-NPURU 
using labeled primers (Amersham Pharmacia Biotech). Sequence assembly and analyses at 
Iowa State University were performed using the Wisconsin GCG software package (Version 
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10.0-UNIX) from the Genetics Computer Group, Inc. Sequence assembly and analyses at 
USDA-ARS-NPURU were performed using Lasergene from DNASTAR. 
For the genomic sequence, overlapping fragments for both pdc2 and pdc3 were 
cloned into the vector pCSOS-72 and transposon mutagensis, using a modified TNI000 
element (provided by S. Case, University of Mississippi Medical Center, Jackson, MS), was 
performed according to the protocol of Strathmann et al. (1991). Insertion sites were 
confirmed by PCR and the selected clones (spaced at approximately 500 bp intervals) were 
sequenced using standard M13 universal and reverse primers. 
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Tables 
Table I. The transmission ofpdc3-m20l2 through male and female gametes. 
No. of Progeny with Indicated Genotypes 
Row pdc3-m2012 Pdclpdc3- Pdc3/ pdc3- Pdc3IPdc3 
Numbers Crosses* /pdc3-m20I5 m2015 m20l2 X~ (1:1) 
98gl463 pdc3-m2015lpdc3-
/1444-5 2015 x pdc3-m20\2 42 37 NA NA 0.16™ 
IPdc3 
987720-7 pdc3-m20I2/Pdc3 
NA NA 32 34 0.06 " 
/6307 x Pdc3!Pdc3 
Seeds resulted from two crosses were germinated and seedlings were genotyped using 
PGR. The PGR products were hybridized with a partial pdc3 cDNA probe. 1 genotypes 
of the crosses are written as female parent x male parent and the tested allele is 
underlined; NA, not applicable; ns, not significant. 
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Table 2. Correlation between pdc3-m homozygosity and reduced tolerance to anaerobic stress 
No. of seedlings 
Families Crosses 
Died Survived 
pdc3-m20I5 pdc3-m2QI5! pdc3-m2Ql2l Pdc3 
/Pdc3 pdc3-m2012 
98gl462 
/1444-5 
pdc3-m20I5/pdc3-m20I5 
x pdc3-m2012/Pdc3 
36 39 l1 
98gl458 
/1445-2 
pdc3-m2012/pdc3-m2012 
x pdc3-m20l5/Pdc3 
35 lb 45 
1 Did not emerge from soil after planted; b emerged but died within one week. The wild-
type controls grew well in the 3-week observation. 
Figure Legends 
Figure 1. Gene structures of three pdc genes and the positions of the Mu transposons 
responsible for pdc3 mutants isolated via the TUSC system. Genomic and cDNA sequences 
are indicated by solid lines and filled boxes, respectively. The dashed lines indicate the 
corresponding introns and exons in three pdc genes. Transposon insertions are represented 
by triangles. The identified transposon orientations are indicated by the horizontal arrows 
inside the triangles with the arrow heads pointing to the 3' ends of the transposon sequences 
in the GenBank. 
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Figure 2. Phylogenetic tree of plant pdc genes. The tree was constructed using neighbor-
joining methods based on alignments derived from ClustalX. Felsenstein's Bootstrap test 
scores (>50%) from 1000 replicates were indicated at nodes. At, Arabidopsis thaliaw, Nt, 
Nicotiana tobacum (tobacco); Fa, Fragaria ananassa (strawberry); Os, Oryza saliva (rice); 
Ps, Pisum sativum (garden pea); Zm, Zea mays (maize). The GenBank accession numbers of 
the sequences in the tree: At PDC1, U71121; AtPDC2, U71122; AtPDCl-likel, 
CAB 18915.1; AtPDCl-like2, CAB81916.1; NtPDCl, X81854; NtPDC2, X81855; FaPDC, 
AF193791; PsPDCl, Z66543; OsPDCl, U26660; OsPDC2, U27350; OsPDC3 (pseudo), 
U07338; OsPDC4; ZmPDCl, X17555; ZmPDC2, AF370003; ZmPDC3, AF230005. 
Figure 3. Low-stringency DNA gel blot hybridization. B73 genomic DNA was digested 
with indicated enzymes and hybridized with a 320-bp highly conserved probe, pdc2YFL-F. 
Figure 4. PDC enzyme activity of recombinant PDC3 protein. Protein was extracted from £ 
coli strains that harbor a pdc3 expression construct. PDC activity was measured by 
monitoring the oxidation ofNADH (see Materials and Methods). pEPDC3-3, pEPDC3-7, 
and pEPDC3-32 are different transformation events containing the same construct 
Figure 5. The anaerobic induction of pdcl,pdc2,pdc3 mRNAs. RT-PCR products were 
hybridized with probes from each gene. Hours of anaerobic treatment are indicated above 
each panel. The inbred line Ky21 is homozygous for the functional Pdc3-Ky2I allele. RT, 
root; ST, shoot. 
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Figure 6. PCD enzyme activity ofpdc3 mutant. Protein was extracted from roots and 
shoots of Five-day old seedlings. PDC activity was measured by monitoring the 
oxidation ofNADH (see Materials and Methods). One unit (U) of PDC converts 1.0 
fimol of pyruvate to acetaldehyde per minute at pH 6.0 at 25°C. 
Figure 7. The reduced anaerobic tolerance of pdc 3 mutants. Five-day-old-seedlings from 
each genotype were tested for anaerobic tolerance (see Materials and Methods). Each data 
point represents the percentage of seedlings (N=20) that survived the indicated anaerobic 
treatment. 
Figure 8. The physiological lesion associated with pdc3 mutants. Seven-day-old pdc3 
mutant seedlings were subjected to anaerobic stress for four hours and allowed to recover 
under light for 12 hours (A) or 24 hours (B). Roots and shoots subjected to anaerobic stress 
for seven hours followed by a 12-hour recovery period were fixed with FAA and embedded 
in paraffin. 10-gm-thick sections were stained with toluidine blue and observed under a light 
microscope. No obvious differences were observed between wild-type roots (C) and pdc3 
mutant roots (D). Damaged cells were observed in pdc3 shoots (E) compared with wild type 
(G). F and H are higher magnification of E and G, respectively. Magnification: 40X in C, D, 
E and G; 200X in F and H. 
Figure 9. The anaerobic induction of pdc3 mRNA. RT-PCR products were hybridized with 
probes from pdc3 and actin. Hours of anaerobic treatment are indicated above each panel. 
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The inbred line Ky21 is homozygous for the functional Pdc3-Ky21 allele. C, coleoptilar 
node region; R, remainder of the shoot. 
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Cui et al., Figure 1 
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CHAPTER 5. ALTERNATIVE TRANSCRIPTION INITIATION SITES 
AND POLYADENYLATION SITES ARE RECRUITED DURING Mu 
SUPPRESSION AT THE rf2 LOCUS OF MAIZE 
A paper submitted to Genetics 
Xiangqin Cui,1 An-Ping Hsia,2 Daniel A. Ashlock,3 Roger P. Wise,4 and Patrick S. 
Schnable5 
Abstract 
Even in the absence of excisional loss of the associated Mu transposons, some Mu-
induced mutant alleles of maize can lose their capacity to condition a mutant phenotype. 
Three of the five existing A/w-induced rf2 alleles are susceptible to Mu suppression. The 
suppressible rf2-m9437 allele has a novel Mu transposon insertion (MulO) in its 5' 
untranslated region (UTR). The suppressible rf2-m9390 allele has a Mul insertion in its 
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2 Department of Agronomy 
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5' UTR. During suppression, alternative transcription initiation sites flanking the Mul 
transposon yield functional transcripts. The suppressible rf2-m8110 allele has an 
rcy:Mu7 insertion in its 3' UTR. Suppression of this allele occurs via a previously 
unreported mechanism; sequences in the terminal inverted repeats of rcy:Mu7 function 
as alternative polyadenylation sites such that the suppressed rf2-m8110 allele yields 
functional rf2 transcripts. The nucleotide compositions of these alternative 
polyadenylation sites were compared with 94 other maize polyadenylation sites. No 
significant difference was found at the 95% confidence level (%- =3.67). In contrast to 
earlier reports, this study revealed only a weak correlation between hyper-methylation of 
Mu transposons and Mu suppression. 
Introduction 
There are two broad categories of DNA transposons, autonomous and nonautonomous. 
Autonomous transposons encode all non-host factors required for their own transposition. In 
contrast, the transposition of nonautonomous transposons is dependent upon factors encoded 
by autonomous transposons of the same family. Hence, only in the presence of factors 
encoded by the autonomous Spm/En, Ac, and MuDR maize transposons, can the 
nonautonomous dSpm/I, Ds, and Mu transposons undergo excision and transposition 
(reviewed by MASSON et al. 1991; BENNETZEN et al. 1993; KUNZE 1996; 
BENNETZEN 1996; FEDOROFF 1999). However, autonomous and nonautonomous 
transposons can both cause mutations when they insert into genes. The Mutator (Mu) 
transposon family (ROBERTSON 1978) has been widely used for gene mutagenesis and 
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cloning (BENNETZEN et al. 1993; BENNETZEN 1996). Its 4.9-kb autonomous member, 
MuDR, mediates the transposition of the nonautonomous transposons, Mul through Mu8 
(SCHNABLE and PETERSON 1986; ROBERTSON and STINARD 1989; 
HERSHBERGER et al. 1991; CHOMET et al. 1991; QIN et al. 1991; HSIA and 
SCHNABLE 1996). MuDR contains two open reading frames, mudrA and mudrB 
(HERSHBERGER et al. 1991 ; JAMES et al. 1993). The mudrA gene encodes a DNA-
binding protein with sequence similarity to bacterial transposases (EISEN et al. 1994; 
BENITO and WALBOT 1997). The mudrA gene is necessary and sufficient for somatic 
excision of Mu transposons (LISCH et al. 1999; RAIZADA and WALBOT 2000). The 
mudrB gene may be involved in suppression (DONLIN et al. 1995; LISCH et al. 1999). 
Many transposon-induced mutants exhibit unstable phenotypes due to DNA 
rearrangements such as excision. In addition, some transposon-induced alleles also exhibit 
instabilities that occur in the absence of DNA rearrangements. For example, in the presence 
of an autonomous Spm/En transposon, the al-ml allele conditions a colorless kernel 
phenotype with colored clonal sectors due to excision of the resident dSpmll insertion 
(McCLINTOCK 1967). However, in the absence of an autonomous Spm/En transposon, 
both this colorless phenotype and excision are suppressed such that the al-ml allele 
conditions a uniform pale kernel phenotype. Ac/Ds and Mu transposon families are also 
subject to similar phenomena (McCLINTOCK 1964; MARTIENSSEN et al. 1989). 
However, the mechanisms underlining these phenomena are not well understood. 
The loss of a Mu-induced allele's capacity to condition a mutant phenotype is termed Mu 
suppression. Mu suppression was first reported at the hcfl06::Mul mutant allele, which has 
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a Mul insertion in its 5' untranslated region (UTR) (MARTIENSSEN et al. 1989). In the 
presence of active MuDR transposons, this allele conditions a pale-green seedling. However, 
in the absence of MuDR, the hcfl 06:: Mul allele conditions a non-mutant phenotype 
(MARTIENSSEN et al. 1989; MARTIENSSEN et al. 1990). In this suppressed state, 
alternative transcription initiation sites are used to generate functional hcfl 06 transcripts that 
are not present in plants that carry active MuDR. These alternative transcription initiation 
sites are in the 5' terminal inverted repeat (TIR) of Mul and regions of the hcfl 06 gene's 5' 
UTR that are 3' of the Mul insertion site (BARKAN and MARTIENSSEN 1991). 
Mu suppression has also been observed in several other A/w-induced mutants. Two 
suppressible Knotted! (Knl) alleles arose via Mul and Mu8 insertions in the junction region 
of the Knl-0 repeats. This junction region contains the promoter region of the downstream 
copy of Knl-0 (LOWE et al. 1992). Two other suppressible Knl alleles, Knl-mum2 and 
Knl-muml, have Mu8 and Mul insertions in the third intron of the Knl locus (GREENE et 
al. 1994). Mu suppression has also been observed with the Les22-7 mutant allele, which has 
a Mul insertion in its 5' UTR (HU et al. 1998), and the al-mum2 allele, which carries a Mul 
insertion 81-bp upstream of the transcription initiation site (CHOMET etal. 1991). Some 
Rsl and Lg3 alleles, which have Mu insertions in 5' UTRs (Lg3-Or422, Lg3-0rl02 and Lg3-
Or331) or introns (Lg3-0r211 and Rsl-Or 11) also exhibit suppression (GIRARD and 
FREELING 2000). Hence, Mu insertions in promoter regions, 5' UTRs and introns can all 
generate suppressible alleles. 
The hcfl06::Mul mutant and the genetically unlinked A/w-induced suppressible mutant 
Les28 exhibit coordinated suppression and reactivation. The suppression of both mutant 
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phenotypes is well correlated with hyper-methylation of Mu transposons throughout the 
entire genome and also hyper-methylation of the region of the hcfl06 locus flanking the Mul 
insertion (MARTIENSSEN and BARON 1994). As is true for hcfl06::Mul and Les28, Mu 
suppression of the four Knl alleles is correlated with genome-wide hyper-methylation of Mu 
transposons (LOWE et al. 1992; GREENE et al. 1994). At least two of these Knl alleles 
(Knl-mum2 and Knl-mum7) can be reactivated via crossing to A/w-active lines (GREENE et 
al. 1994). Since loss of Mu activity is correlated with hyper-methylation of Mu transposons 
throughout the genome (reviewed by CHANDLER and HARDEMAN 1992; BENNETZEN 
et al. 1993), these results strongly suggest that Mu suppression is caused by an absence of Mu 
activity (MARTIENSSEN and BARKAN 1994). 
Mu suppression has the potential to complicate efforts to clone genes via transposon 
tagging. This is because a critical step in such a project is to identify the particular Mu-
containing RFLP or PGR fragment responsible for a A/w-induced mutation. This step is 
generally accomplished by identifying A/w-containing DNA fragments that co-segregate with 
the mutant phenotype through meioses. Because suppressed plants exhibit a wild-type 
phenotype even though they carry a Mu transposon in the target gene, suppression can mask 
the co-segregation between the mutant phenotype and the A/u-containing DNA fragment. 
Mu suppression can also lead to the loss of mutant phenotypes during backcrossing programs 
that are becoming increasingly important with the adoption of new technologies such as 
RNA profiling and proteomics. 
Mu suppression also impacts technologies, such as TUSC (BENSEN et al. 1995) and Mu 
rescue (WALBOT 1999), that are important components of maize functional genomics 
140 
projects. Each of these projects utilizes Mu transposon sequence as bait to obtain Mu-
insertion mutants through reverse genetics for functional analysis. This selection strategy 
does not exclude suppressible mutants, which will be unstable and have the potential to 
complicate the functional analysis of target genes. This is of a particular concern because Mu 
transposons appear to exhibit a strong preference for insertion within the 5' UTRs of at least 
some genes (C. R. DIETRICH, M. PACKILA, B. J. NIKOLAU, and P. S. SCHNABLE, 
unpublished data). On the other hand, Mu suppression during somatic development can 
produce clonal sectors on an unsuppressed background. Such chimeric plants provide a 
unique environment for analyzing mutants (FOWLER et al. 1996). 
Therefore, understanding the frequency and mechanisms of Mu suppression is critical to 
the use of Mu transposons to understand maize biology. Here we report the identification 
and characterization of three Mu suppressible rfl alleles. These characterizations have 
revealed that Mu suppression can occur not only at alleles caused by Mu insertions in 5' 
UTRs via the recruitment of alternative transcription initiation sites as reported previously, 
but also at alleles caused by Mu insertions in 3' UTRs. Suppression of this new class of Mu-
suppressible alleles occurs via the recruitment of alternative polyadenylation sites within the 
TIRs of the inserted Mu transposon. In addition, these studies establish that insertions of two 
additional classes of Mu transposons can generate suppressible alleles. 
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Materials and Methods 
Alleles of the rf2 gene 
The rf2 gene is one of the two complementary restorers of T-cytoplasm male sterility 
(reviewed by SCHNABLE and WISE 1998; WISE et al. 1999) and encodes a predicted 
mitochondrial aldehyde dehydrogenase (CUI et al. 1996). Plants that carry T cytoplasm and 
that are homozygous for mutant alleles of either rfl or rf2 are male sterile. All lines used in 
this study carry Rfl and Rf2 alleles unless otherwise indicated. The reference allele, rJ2-
R213, is a spontaneous mutant carried by the inbred lines, Wf9 and R213. All other 
described rfl mutant alleles were isolated via transposon tagging experiments (SCHNABLE 
and WISE 1994). Mutant alleles rf2-m8110, rf2-m8122, rf2-m9323, rf2-m9390, rf2-m9385 
and rf2-m9437 were all obtained from a Mu-containing population. The wild-type progenitor 
of rf2-m8ll0 and rf2-m9390 is Rf2-Q67. The progenitor of rf2-m8l22 and rf2-m9323 is 
R/2-Q66. The progenitor of rf2-m9437 is R/2-B79 (CUI et al. 1996). Each of the rf2-m 
alleles used in these experiments was backcrossed to the inbred line Ky21 for at least three 
generations. The rf2-m9385 allele was not included in this study because an adequate 
number of backcrosses had not been completed. The rf2-m8904 allele was not included in 
this study because it was isolated from an SpmlEn population. The inbred line B73 has the 
genotype rflRf2. 
Backcrosses of the rf2-m alleles 
Plants heterozygous for each rf2-m allele (jf2-m/Rf2) carrying T cytoplasm were crossed as 
females by the inbred line Ky21. Progeny that carried the rf2-m alleles were identified via 
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DNA gel blot analyses or PCR analyses. The 1.2-kb partial or full-length rf2 cDNA was 
used as a hybridization probe against £coRV- (for rf2-m9437) or Mzzdlll- (for the rest of the 
rfl-m alleles) digested genomic DNA in DNA gel blot analyses. Genotypes of plants in 
families segregating for rJ2-m alleles were often confirmed via testcrosses: (T) rf2-R2l3!rf2-
R213 x rf2-mlRf2-Ky2l (or Rf2-Ky21IRf2-Ky21). Segregation of male-sterile and male-
fertile plants (1:1) in the resulting progeny confirmed the presence of a non-suppressed rf2-m 
allele in a particular male parent. 
Male fertility ratings 
Phenotypes were scored in the morning during the period of pollen shedding for several 
days according to the rating system of SCHNABLE and WISE (1994). Plants were scored 
into four categories: male-fertile (F), full fertile with more than 90% of the anthers exerted; 
semi-fertile ("F"), less than 90% but more than half of the anthers exerted; semi-sterile ("S"), 
less than 50% of the anthers exerted (usually only a few percent of anthers exerted); male 
sterile (S), completely male-sterile with no anthers exerted. 
Rfl genomic clones 
Two overlapping /^-hybridizing genomic clones were obtained by screening B73 
libraries. Both libraries were constructed using the XDASHII (Stratagene, La Jolla, CA) 
vector and were prepared by PAM CLOSE and JOHN TOSSBERG, respectively. Library 
screening conditions were as described by XU et al. (1997). Phage inserts were subcloned 
into pBluescript SK or KS (Stratagene) vectors for further analysis or direct sequencing. 
Some of these fragments were sequenced by utilizing the TNI 000 transposon system (Gold 
143 
Biotechnology, St. Louis, MO, adapted from STRATHMANN et al. 1991). These fragments 
were subcloned into the pMOB vector and transformed into an E. coli host (DPWC) that 
carries a transposon on the F factor. The transposon can fuse with the F factor and the target 
plasmid at random positions and form a cointegrated structure. This cointegrated structure 
was then transferred to a recipient cell (BW26) via conjugation where it resolves into the F 
factor and a target plasmid containing a transposon insertion at a random position. Primers 
corresponding to the ends of the transposon were then used to sequence the region of the 
plasmid flanking the transposon. Both DNA strands were completely sequenced unless 
otherwise indicated. 
The first clone (rf2-DNAl) was obtained using a 900-bp probe (DDI, see Figure 1C of 
CUI et al. 1996) that includes the last 2 introns (9 and 10) and exons (10 and 11) of the rf2 
gene. An alignment of the sequence of the entire 20072-bp insert of rf2-DNAl with the full-
length rf2 cDNA (GenBank accession number U43082) revealed that 353 bp from the 5' end 
of the cDNA clone was not included in clone rf2-DNAl. Hence, another rf2 genomic clone 
(r£2-DNA2-65) was isolated from the second B73 genomic library using the full-length rf2 
cDNA as probe. Sequencing and restriction mapping experiments revealed that the two rf2 
genomic clones differ in the region 5' of exon 2 but not in the region defined by exons 2 and 
11. Furthermore, data from PCR amplification of B73 genomic DNA using various primer 
pair combinations and genomic mapping via DNA gel blot analyses indicate that the 
structure of rf2-DNA2-65, but not of rf2-DNAl, reflects the structure of the R/2-B73 allele. 
Based on these results we believe that clone rf2-DNAl is chimeric such that although the 
region 3' of intron 1 is derived from the rf2 gene, the region 5' of intron 1 is not. Hence, to 
generate the complete genomic sequence of the R/2-B73 allele, 5.2 kb of sequence from the 
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5' end of clone rf2-DNA2-65 was combined with 12.6 kb of sequence from the 3' end of 
clone r£2-DNAl and deposited in GenBank (accession number AF215823). 
Mapping transposon insertion sites and identifying Mu transposons 
The transposon insertion site in the rf2-m8l22 allele was established during the cloning 
of the rf2 gene (GUI et al. 1996). Genomic restriction mapping was conducted on rJ2-
m8110, rf2-m9323, rf2-m9390, rf2-m9437, and rf2-m8904 alleles using a variety of 
restriction enzymes. These DNA gel blots were hybridized with the ^-specific probes: rf2-
5m, C4-C6, B461-xq and C1-C2. Using this method, it was possible to map the Mu 
insertions in four of the five alleles analyzed (rf2-m8ll0, rf2-m9390 and rf2-m9437, rf2-
m8904) to specific regions of the rf2 gene. 
PGR reactions were also conducted on DNA from plants homozygous for each of the rf2-m 
alleles to map and identify Mu transposons. Each PGR reaction included a A/w-TIR primer 
and one of many r/2-specific primers. As expected, most PGR reactions did not yield rf2-
specific products. After some of the transposon insertion sites were mapped via genomic 
restriction mapping, appropriate r/2-specific primers were used (RF2C6 for rf2-m9390 and 
rJ2-m9437, RF2C1 for rf2-m8110) to amplify these rf2-m alleles (Figure 1). In these 
instances the transposon insertion sites were physically mapped via sequence comparisons 
between the resulting PGR products and the sequence of the rf2 gene (GenBank accession 
number AF215823). The junction between the rf2 and Mu TIR sequences in these PGR 
products defines the Mu insertion site. The transposon insertion in the rf2-m8904 allele was 
identified by PGR amplification using primers rf2a-3320 and RF2C5UTRR, which flank the 
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transposon insertion. The identity of the transposon was revealed by sequence comparison 
between this transposon and the Dsl transposon in GenBank (GenBank accession number: 
AFO10445). 
Since the TIRs of each class of Mu transposon contain diagnostic polymorphisms, it was 
possible to determine the identities of the Mu transposons inserted in rf2-m alleles by 
comparing the A/m-TIR sequence contained in the allele-specific PGR products to the TIRs of 
all known Mu transposons. In addition, since the sequences of the two TIRs of most Mu 
transposons have one or more polymorphisms relative to each other, the orientations of the 
Mu insertions in rf2-m alleles could also be determined. 
To confirm the identity of the transposon inserted in the rf2-m9390 allele, genomic DNA 
samples from plants that were homozygous for r/2-m9390 and its progenitor Q67 were 
digested with EcoRV, //<>idIII, Xbal, EcoRV + Hindlll, EcoRV + Xbal and Hindlll + Xbal 
and then hybridized with the r/2-specific probe, rf2-5m. The same filter was stripped 
(AUSUBEL et al. 1999) and hybridized with a AW-specific probe. In each restriction digest 
the /^-hybridizing fragments were the same size as A^W-hybridizing fragments, which 
provided further support for the view that the transposon inserted in rfl-m9390 is Mul. 
The identity of the rcy:Mu7 transposon in rf2-m8lI0 was confirmed similarly with r/2-
specific probe C1-C2 and a rcy:A/M7-specific probe. To further confirm the identity and 
orientation of the rcy:Mu7 transposon insertion in rf2-m8l 10, an rJ2-spacific primer, 
RF2C2, which is about 0.1-kb 3' of the rcy:Mu7 insertion site in this allele, and an rcy:Mu7 
internal primer, Mu7-R, were used to amplify a 1.7-kb fragment from the 5' end (i.e., the 
right-most end in Figure 1) of the rcy:Mu7 transposon in rf2-m8l 10. This PGR product was 
subcloned into a pGEM-T vector (Promega, Madison, WI) and over 80% of this fragment 
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was sequenced. Sequence comparisons between this PGR product and rcy:Mu7 (Genbank 
accession number XI5872) revealed only a few nucleotide polymorphisms. 
Genotyping rf2-m alleles via PGR 
To determine which plants in a segregating family carry an rf2-m allele, PGR 
amplifications were conducted using a Mu-TIR primer in combination with an appropriate 
^-specific primer. Various primers that anneal to Mw-TIRs, such as XXI53, were used in 
. these PGR reactions. The r/2-specific primers used for genotyping rf2-m alleles include 
RF2C1 (for rf2-m8l 10 and rfl-m8l22) and RF2C6 (for rf2-m9390 and rf2-m9437) (Figure 
1). PGR reactions were performed for 34 cycles under the following conditions: denature at 
94° for 40 seconds; anneal primers for 40 seconds at 55°-58° (depends upon the Mu-TIR 
primer used); extend at 72° for 2 minutes at the presence of 2.5 units of Taq polymerase 
(Promega) per reaction. 
Primer sequences 
Mu7-R: y TTCTCCGCCGTTGCCATCTC 3' 
RF2C1: y GCGTCGTTGGTGATCCGTTC3' 
RF2C2: s CCAGGCTAGGGCAAATCTTAT3' 
RF2C4: y AGCGGGAGACGAGCGAGGAC3' 
RF2C5:5' ATGCTGCGATTCCGTTTGGTG3' 
RF2C6: yTCCTCACTCCCACACCAACC3' 
RF2C8: y GCAGCAGGAGAAGCGGCAGGCAG3' 
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RF2C9: 5' GTGATGGGCTCCTCTACT3' 
XX153:5 CGCCTCCATTTCGTCGAATCC 3' 
rf2-B461:5' AC AGATCT AAAGCTCCTC ATT AAT3' 
r£2-xq: 5' CCAACTTTCC AGGC AT AC AT C A3' 
rf2a-3320: 51GAGGAACCAGTAGCGGAGGC3' 
RF2C5UTRR:51GCTCCCGTTCGCAGTCG3' 
DNA and RNA gel blot analyses 
Maize genomic DNA was isolated using a IX CTAB procedure (SAGHAI-MAROOF et 
al. 1984). About 10 jig of DNA was digested with the indicated restricted enzyme in a 30 |il 
reaction volume for more than 3 hours and then separated via electrophoresis through a 0.8% 
agarose gel. DNA was transferred to nylon filters (MSI, Westboro, MA) and hybridized 
with probes labeled with dCTP32 (AUSUBEL etal. 1999). 
Total RNA from immature tassels (still in the whorl) was isolated according to DEAN et 
al. (1985). Approximately 10 fig of total RNA was subjected to electrophoresis using a 
MOPS buffer system (AUSUBEL et al. 1999) and transferred onto GeneScreen filters (NEN 
Research Products Inc., Boston, MA). The filters were hybridized with probes labeled with 
dCTP32 (AUSUBEL et al. 1999). 
Probes 
DNA fragments used as probes in this study were obtained as follows. The 2.2-kb full-
length rf2 cDNA fragment was obtained from plasmid prf273-l 1 with the restriction 
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enzymes Xhol and EcoRI. The 1.2-kb partial rf2 cDNA was obtained from plasmid prf2a-1.2 
with the restriction enzyme £coRI. Plasmids prf273-l 1 and prf2a-1.2 contain the 1.2-kb and 
2.2-kb rf2 cDNAs as described in CUI et al. (1996). The rf2 5' 0.15-kb probe, rf2-5m, was 
PCR-amplified from plasmid prf273-l 1 using primers RF2C6 and RF2C8 (Figure 1). 
Another rf2 5' probe, C4-C6, was PCR-amplified from plasmid prf273-l 1 using primers 
RF2C4 and RF2C6. Probes B461-xq (from 461 to 927 bp in GenBank U43082) and C1-C2 
(from 1374 to 2029 bp in GenBank U43082) were PCR-amplified from plasmid prf273-l 1 
using primers rf2-B461 and rf2-xq or primers RF2C1 and RF2C2 (Figure 1). A 0.96-kb 
A/w/-specific fragment was isolated from plasmid pRBl (ROBERTSON et al. 1988) using 
the restriction enzyme Mu I. The 0.16-kb rcy:Mu7 probe was isolated from plasmid pSB9-in 
(SCHNABLE et al. 1989) using restriction enzymes flomHI and Eco RI. Maize GAPDH 
cDNA (GenBank accession number X07156) was isolated from pGAPDH with the 
restriction enzymes £coRI and Hindlll. All probes were labeled with dCTP32 using a 
random primer labeling protocol (AUSUBEL et al. 1999). 
3' and 5' RACE (Rapid Amplification of cDNA Ends) 
RNA was isolated from immature tassels (still in the whorl) using the Trizol reagent 
(GIBCO BRL, Rockville, MD) and treated with PCR-grade DNasel (GIBCO BRL) 
according to the manufacture's instructions. Five ng and 100 ng of RNA were used for 3' 
and 5' RACE experiments using kits provided by GIBCO BRL. The /^-specific primers 
RF2C5 and RF2C9 (Figure 1) were used for 3' and 5' RACE, respectively. RF2C9 was 
positioned in exon 2 so that inadvertent amplification of genomic DNA could be detected. 
Primer RF2C4was used as a nested primer for the 5' RACE experiments. RACE products 
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were subcloned into the pGEM-T vector (Promega) and transformed into the E. coli strain 
DH5a. Colonies were lifted onto nylon filters (MSI) and hybridized with the full-length rf2 
cDNA. Plasmid DNAs from positive clones were extracted using an alkaline lysis miriiprep 
protocol (AUSUBEL et al. 1999) and then sequenced. 
Sequencing 
DNA sequencing was performed at the Iowa State University DNA Sequencing and 
Synthesis Facility on an automated sequencer (ABI 373A, Applied Biosystems). Sequence 
assembly and analyses were performed using the Wisconsin GCG software package Version 
10.0-UNIX from the Genetics Computer Group, Inc. 
Analysis of polyadenylation sites 
All GenBank records for which the organism was Zea mays (excluding chloroplast and 
mitochondrial genes), that had the feature of "polyA_site" were downloaded on March 22nd, 
2000. This data set was then parsed for the feature of polyadenylation site. The few records 
that lacked sequence data downstream of the reported polyA site or that had only "A" bases 
downstream of this site were excluded. Only the most recent GenBank submission was used 
for multiple submissions of the same sequence, x2 homogeneity tests were performed 
according to STEEL and TORRIE (1980). 
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Results 
Unusual observations in families segregating for r/2-m8U0 and rf2-m9390 
Seven independent rf2 mutant alleles (rfl-m) were obtained via transposon tagging in a 
previous investigation (SCHNABLE and WISE, 1994). Six of these were derived from Mu 
tagging populations and one from an Spm/En tagging population. As expected, testcross 
progenies of plants heterozygous for these tagged alleles, (T) rf2-m/R/2 x rf2-R213lrf2-
R213, segregated for male-fertile and male-sterile plants. However, in one family (92 2123) 
segregating for the rf2-m8110 allele the ratio of male-fertile to male-sterile plants was 
significantly higher than the expected 1:1. In this family, only four out of 26 plants exhibited 
complete male sterility (Table 1), a ratio that is significantly different from the expected 1:1. 
In contrast, the corresponding ratio in a related family (92 2124) that was also segregating for 
rf2-m8ll0 was not significantly different from the expected ratio. 
Aberrant phenotypic ratios were also observed in a family (92 2148) segregating for the 
rf2-m9390 allele (Table 2). Because at the time these studies were conducted an rf2 probe 
was not available, plants were genotyped with a probe derived from the wxl gene which is 
genetically linked to rfl. Based on this RFLP analysis, two of the five fully male-fertile 
plants in this family were predicted to have the genotype rf2-m9390/rf2-R213 (Table 2). 
These could have arisen via crossovers between the wxl and the rf2 genes (if so, their actual 
genotype would have been RJ2lrf2-R213), but the ratio of 2/5 is high relative to the 8.3 cM 
that exists between the rf2 and wxl genes (SNYDER and DUVICK 1969; WISE and 
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SCHNABLE 1994). However, in the absence of a rf2 clone, it was not possible to more 
precisely determine the genotypes of these exceptional male-fertile plants. 
Structure of the r/2 gene 
More recently the rf2 gene was cloned. The rf2 cDNA is about 2 kb in length and 
encodes a predicted mitochondrial aldehyde dehydrogenase (CUT et al. 1996). Two 
overlapping genomic clones (rf2-DNAl and rf2-DNA2-65) were obtained by screening B73 
genomic libraries (MATERIALS AND METHODS). Sequence comparisons of 17.8-kb 
derived from these genomic clones (GenBank accession number AF215823) and the full-
length rJ2 cDNA clone (GenBank accession number U43082) defined 11 exons and 10 
introns (Figure 1). The extreme 5' end of the genomic sequence (base positions 102 to 740) 
is 81.5% and 80.7% identical to the 3' long terminal repeat (LTR) (GenBank accession 
number AF050449) and the 5' LTR (GenBank accession number U68407) of the maize Milt 
retrotransposon. In addition, a member of a newly defined class of retrotransposons, DON 
QUIXOTE, that is present in intron 5 (base positions 6763 to 13927 of GenBank accession 
number AF215823) contains a characteristic nucleic acid binding site, which serves as the 
primer site for reverse transcription, and an uninterrupted ORF of about 4 kb (positions 8335 
to 12129) that encodes predicted proteins with high degrees of sequence similarity to the 
reverse transcriptase, protease, integrase, and endonuclease typical of copia-like 
retrotransposons (KONIECZNY et al. 1991). Two other regions of the rf2 gene (base 
positions 2065 to 3096, 5' of the transcription initiation site and positions 4875 to 5270 in 
intron I) exhibit about 88% and 85% sequence similarity, respectively, to the non-coding 
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regions of various maize genes (GenBank accession numbers X06333, L40803, AF030385, 
AF031569, AF041044; and AJ005343, Z22760, AF043346, Z26824, AJ223471). However, 
these regions of sequence similarity have not been assigned any putative functions and do not 
exhibit characteristics of DNA transposons or retrotransposons. A 0.6 kb region that is about 
140 bp 5' of exon 2 in rf2-DNA2-65 exhibits 91% sequence identity to the LTR of Grande 1-4 
retrotransposon (GenBank accession number X97604). 
Positions of transposons in rf2-m alleles 
The positions of transposon insertions responsible for four of the five Mu -tagged r/2-m 
alleles (rf2-m81I0, rf2-m8122, rf2-m9390, and rf2-m9437) were mapped via genomic 
restriction mapping and sequence comparisons between PGR products obtained using rf2-m 
DNA templates in conjunction with A/u-TIR- and /^-specific primer pairs and the sequence 
of the rf2 gene. The specific class of Mu transposon responsible for each mutant and its 
orientation were determined via sequence analysis of the Mu TIRs obtained from these PGR 
products. The rf2-m9390 allele has a Mul transposon inserted in its 5' UTR, 105-bp 5' of the 
translation start codon. The orientation of this Mul transposon is 3' to 5' relative to the rf2 
gene. The identity of this Mul transposon was confirmed by DNA gel blot analysis 
(MATERIALS AND METHODS). The r/2-m9437 allele contains a novel Mu transposon 
insertion in its 5' UTR, 35-bp 5' of the translation start codon. The TIR of this transposon 
differs from those of all other described Mu transposons. Therefore, this Mu transposon has 
been designated MulO (GenBank accession number AF231940). The rf2-m8904 allele 
contains a Dsl transposon a few base pairs down stream of the translation start codon. This 
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395-bp Dsl has three single nucleotide polymorphisms with the GenBank record (GenBank 
accession number: AFO10445). The rf2-m8U0 allele arose via an rcy:Mu7 insertion in the 3' 
UTR, 30-bp 3' of the translation stop codon. The identity of this rcy.Mu? transposon was 
confirmed by sequence analysis of a 1,7-kb fragment of it and DNA gel blot analyses. This 
transposon is inserted 3' to 5' relative to the rf2 gene (Figure 1). The rf2-m8122 allele is the 
only allele in this collection that has a transposon insertion (Mul) within the coding region 
(9th exon) (GUI et al. 1996). This transposon is inserted 5' to 3' relative to the rf2 gene. It 
has not yet been possible to identify the molecular lesions associated with the rf2-m9323 and 
r/2-m9385 alleles. 
Reanalysis of data from SCHNABLE and WISE, 1994 
After the rf2 gene was cloned and the positions of the Mu insertions responsible for many 
of the rf2-m alleles determined, genomic DNA samples from plants presented in Tables 1 and 
2 were regenotyped via PGR (MATERIALS AND METHODS). The results of these 
analyses are presented in Table 3. Families segregating for rf2-m8U0 (92 2123) and rf2-
m9390 (92 2148) contain three and six male-fertile plants with the genotype of rj2-mlrf2-
R213, respectively. Hence, these two alleles display 70% and 40% penetrance, respectively 
in these families. In contrast, a similar family but segregating for the rf2-m8l22 allele, which 
has a Mul insertion in the coding region, exhibited 100% penetrance (family 92 2126 in 
Table 3). Another allele, rf2-m9437 (family 92 2153), with a MulO insertion in the 5' UTR, 
also exhibited 100% penetrance in this generation. However, after three generations of 
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backcrossing to the inbred line K.y21, this allele also began to show evidence of Mu 
suppression (data not shown). 
Reactivation of suppressive r/2-m alleles 
The above genotyping established that neither a high rate of crossing over nor Mu 
excision is responsible for the aberrant ratios observed in the previous analysis of 
SCHNABLE and WISE (1994). Instead, the loss of these alleles' capacity to condition 
mutant phenotypes without excisional loss of their associated Mu transposons could be due to 
Mu suppression. Since reactivation is one of the hallmarks of Mu suppression, crosses were 
conducted to determine whether the incomplete penetrance of rf2-m8ll0 and rJ2-m9390 
could be reversed. Various rates of male-sterile (i.e., reactivated) progeny were obtained 
when A/zv-active lines were crossed to suppressed plants carrying either rf2-m8H0 or rf2-
m9390 (Table 4). As a control, some suppressed (i.e., male-fertile) plants that contain these 
two alleles were self-pollinated. No male-sterile (i.e., reactivated) plants appeared among the 
resulting progenies (96g 6104-05 and 98 6336 in Table 4). 
The stability of the reactivation of rf2-m8110 was tested by crossing a reactivated 
heterozygous plant, (T) rfl-m8l 10/rf2-R213, by (N) rf2-m8904trf2-m8904. The rf2-m8904 
allele was used for this cross instead of rf2-R2l3 because unlike rf2-R2l3 it does not 
accumulate a detectable amount of rf2 mRNA (GUI et al. 1996). About one hundred of the 
resulting progeny were scored for male fertility (data not shown). Most were male sterile. 
Seven of 16 random male-sterile plants carried the rf2-m8U0 allele. Hence, rf2-m8l 10 can 
be transmitted through meiosis in the reactivated state. 
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Due to the early suppression of the rf2-m9390 allele during backcrossing, unsuppressed 
plants homozygous for rf2-m9390 were not initially available for mRNA accumulation 
analyses. To generate unsuppressed stocks homozygous for this allele, some original 
unsuppressed heterozygous plants, (T) rf2-m9390lrf2-R2l3, were crossed by suppressed (i.e., 
male fertile) plants with the genotype (T) rf2-m9390!rf2-m9390. About three hundred 
progeny were screened for male-sterile (i.e., unsuppressed) plants. Only 19 were obtained. 
When these 19 plants were genotyped, it was found that they all had the genotype rf2-
m9390/rJ2-R213, i.e., no male-sterile rJ2-m9390 homozygous plants were obtained. The 
reason for this unbalanced result is not known, but perhaps plants that carry two doses of r/2-
m9390 require higher levels of Mu activity to maintain the unsuppressed (i.e., male sterile) 
state. 
Accumulation of rf2 mRNA in suppressed rf2-m plants 
Prior RNA gel blot analysis identified a plant homozygous for rf2-m9390 that 
accumulated rf2 mRNA at the same level as wild-type plants (GUI et al. 1996). Since the 
entire young tassel of this plant had been collected for RNA in that analysis, the male fertility 
status of this plant could not be determined. To overcome this problem in subsequent 
experiments, only a few branches of each young tassel were collected from plants 
homozygous for the r/2-m9390 or rf2-m8l 10 alleles. An RNA gel blot analysis of these 
individuals is shown in Figure 2. Hybridization with a full-length rj2 cDNA detected an 
mRNA that accumulated to the same or only slightly lower levels in fertile plants (i.e., 
suppressed) that were homozygous for either rf2-m8H0 or rf2-m9390 as accumulated in the 
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wild-type controls. In addition, these mRNAs were indistinguishable in size from those that 
accumulated in the wild-type controls. 
Native transcription initiation sites are not used in suppressed rf2-m9390 plants 
Because the rf2-m9390 allele contains a Mul insertion in its 5' UTR, the rf2 transcripts 
that accumulate in the suppressed rf2-m9390 plants (Figure 2) could be derived from 
alternative transcription initiation sites downstream of the native sites (i.e., in the Mul and/or 
its flanking region) as has been reported in the case of hcfl06::Mul (BARKAN and 
MARTIENSSEN 1991). Alternatively, these transcripts could arise via read-through 
transcription of the Mul transposon followed by the splicing of the Mul from the transcripts. 
To distinguish between these two possibilities, a probe (rf2-5m) upstream of the Mul 
transposon (Figure 1) was hybridized to RNA from suppressed plants homozygous for rf2-
m9390. The results of this experiment are shown in Figure 3. Because rf2-m9390 transcripts 
could not be detected with the rf2-5m probe (Figure 3, panel B), it can be concluded that 
transcription initiation in suppressed rf2-m9390 does not occur from the native rf2 
transcription initiation sites. Instead, transcription of this allele must initiate downstream of 
the position of probe rf2-5m (Figure 1), likely from the 5' TIR (i.e., the right-most TIR in 
Figure I) of Mul and/or an rf2 flanking region. 
Transcription initiation sites in r/2-m9390 
Initially 5' RACE experiments were conducted on RNA extracted from the inbred line 
Q67, which is homozygous for the wild-type progenitor of rf2-m9390 (GUI et al. 1996). The 
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primer (RF2C9) used for the first strand synthesis was located at position +182 relative to the 
start of translation; the nested primer (RF2C4) at position +37. DNA gel blot analysis 
revealed that the resulting RACE products were approximately 290 bp in size, a result that is 
consistent with the size of the longest rf2 cDNA clone isolated to date (prf273-l 1) which 
begins at position -253. 
Cloned 5' RACE products obtained using RNA extracted from a plant homozygous for 
suppressed rf2-m9390 were considerably smaller than those obtained from the inbred line 
Q67. Sequence analysis of nine of the RACE products from rf2-m9390 revealed multiple 
transcription initiation sites, all of which were located between the position of the Mul 
insertion (-105) and the translation start codon (Figure 4). 
Alternative polyadenylation sites in the TIR of rcy:Mu7 are used during suppression of 
rf2-m8HQ 
The rf2-m8ll0 allele contains an rcy:Mu7 insertion in its 3' UTR. As it is true for r/2-
m9390, suppressed plants homozygous for rf2-m8IlO accumulate rf2 mRNA that is 
indistinguishable from wild-type via RNA gel blot analyses (Figure 2). Based on the 
analysis of cDNA clones, two RJ2 alleles (RJ2-B73 and RJ2-W22) use polyadenylation sites 
over 140-bp 3' of the site of the rcy:Mu7 insertion in the rf2-m81l0 allele (Figure 5). In 
addition, 3' RACE experiments have established that this is also true for the RJ2-Q67 allele, 
which is the wild-type progenitor of rf2-m8U0 (Figure 5). These results indicate that either 
the rf2-m81l0 allele uses the native polyadenylation sites but that the rcy:Mu7 transposon is 
subsequently spliced out or that this allele uses alternative polyadenylation sites. 3' RACE 
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was used to identify the actual polyadenylation sites used by rf2-m8l 10 and to thereby 
distinguish between these two possibilities. As shown in Figure 5, five alternative 
polyadenylation sites were detected in two independent 3' RACE experiments. Some sites 
were recovered in both experiments. All identified sites are within the 3' TIR (i.e., left-most 
TIR in Figure 5) of the rcy:Mu7 transposon insertion in rf2-m8U0. 
Polyadenylation sites are preferentially located at the 3' end of a YA (i.e., UA, CA, or 
GA) sequence in at least some eukaryotes (reviewed by ROTHNIE 1996; WAHLE and 
RUEGSEGGER 1999). To determine whether this pattern holds for maize, the 
polyadenylation sties associated with Zea mays records in GenBank were examined. Fifty-
eight records with a total of 94 polyadenylation sites were obtained. Of these 94 sites, 73 fit 
the YA rule (Table 5). Similarly, six of the seven polyadenylation sites within the 3' UTR of 
the rf2 gene are YA. In contrast, only two out of the five alternative polyadenylation sites 
within rcy:Mu7 (GA, GA, UC, AC and CC) fit this pattern. However, a x2 homogeneity test 
(%- =3.67) revealed that the rate of YA polyadenylation sites in rcy:Mu7 is not significantly 
different at the 95% confidence level from that in other maize genes. 
Methylation and Mu suppression of r/2-m alleles 
The correlation between the methylation of Mu TIRs and Mu activity has been well 
established (reviewed by BENNETZEN 1996). In all previously reported studies of Mu 
suppression, hyper-methylation oï Mu transposons throughout the genome was generally 
well correlated with Mu suppression, although a few exceptions were found in some studies 
(MARTIENSSEN et al. 1990; LOWE et al. 1992). In the current study, methylation status 
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was determined by the hybridization of a Mu/-specific probe (Figure 6, panel C) to Hinfl-
digested genomic DNA (CHANDLER and WALBOT 1986). In this analysis, Mul-
hybridizing fragments larger than 1.34-kb (except for the 1.7-kb A/zv2-related fragment) are 
derived from methylated Mul transposons (Figure 6, panel A). In contrast to previous 
reports, only minimal correlation was found between the suppression of r/2-m9390 and the 
hyper-methylation of other Mu transposons throughout the genome. For example, although 
17 suppressed plants (male-fertile (F), semi-fertile ("F") and semi-sterile ("S")) carried 
methylated Mul transposons, five carried hypo-methylated Mul transposons (Table 6). 
Similarly, although four nonsuppressed (i.e., male sterile) plants carried hypo-methylated 
Mul transposons, two carried methylated Mul transposons (Figure 6 and Table 6). 
MARTIENSSEN et al. (1990) reported that suppression is also correlated with hyper-
methylation of the Mul transposon inserted in the hcfl06::Mul allele. To detect the 
methylation status of the Mul insertion in rf2-m9390, an rJ2 probe (rf2-5m), was hybridized 
to //mfl-digested genomic DNA from suppressed and unsuppressed plants. This probe 
hybridizes to a l.l-kb fragment bounded by the Hinfl site 5* of the probe in the rfl promoter 
region and the Hinfl site in the 3' end (i.e., left-most end in figure 6) of the Mul transposon. 
The methylation status of the Mul inserted in r/2-m9390 was scored by determining the 
signal strength of the l.l-kb r/2-hybridizing fragment relative to the 2.4-kb and 2.8-kb rJ2-
hybridizing fragments. If the 3' Hinfl site in the Mul transposon is susceptible to Hinfl 
digestion (i.e., it is unmethylated), a l.l-kb /^-hybridizing fragment will be detected (e.g., 
see the right-most four lanes of category S in Panel B of Figure 6). If this site is not 
susceptible to Hinfl digestion (i.e., it is methylated), either the 2.4-kb (the 5' Hinfl site in the 
Mul transposon is digested) or the 2.8-kb (neither of the two Hinfl sites in the Mul 
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transposon is digested) r/2-hybridizing fragment will be detected (e.g., see the "F" and "S" 
category in Panel B of Figure 6). Table 7 reveals that there is little correlation between 
suppression and methylation of the Mul transposon in rf2-m9390. However, a strong 
correlation was observed between the methylation status of the Mul transposon in rf2-m9390 
and the methylation status of other Mul transposons in the genome (Compare panels A and B 
in Figure 6). 
Discussion 
Mu suppression occurs al a high frequency 
Mu transposons are widely used for the functional analysis of the maize genome, 
including gene tagging, gene discovery and reverse genetics. It has been known for over a 
decade that even in the absence of gross changes in their DNA sequences, some A/z/-insertion 
alleles lose the capacity to condition a mutant phenotype (MARTIENSSEN et al. 1989) in 
the absence of Mu activity. This phenomenon, Mu suppression, has important implications 
for the use of Mu transposons to understand maize biology. 
Although enough suppressible alleles have been identified to demonstrate that this is a 
widespread phenomenon, the proportion of A/u-insertion alleles that are susceptible to 
suppression has not been well established. In this study a collection of five A/w-induced rf2 
mutant alleles originally obtained via a phenotypic screen was backcrossed to a non-A/n 
inbred line (Ky21) for at least three generations. By the end of this program three of the five 
A/u-insertion alleles exhibited evidence of suppression. Hence, it is clear that suppressible 
alleles arise frequently enough that they can seriously impact the outcome of genetic 
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experiments. In retrospect, suppression probably accounts for our lack of success in 
identifying a Mu-containing DNA fragment that co-segregated with any of the five Mu-
induced rfl alleles except rf2-m8l22 (GUI et al. 1996). An even greater proportion of 
suppressible alleles might exist in a collection of alleles derived from reverse genetic screens, 
because such alleles would not have been prescreened via phenotypic selection as was true 
for this collection of rJ2-m alleles. 
It has previously been established that the insertion of Mu transposons into promoter 
regions, 5' UTRs and introns can generate suppressible alleles. By determining the structure 
of the R/2-B73 allele and the insertion sites of the Mu transposons responsible for four of five 
rf2-m alleles, this study not only identified two suppressible alleles with Mu insertions in the 
5' UTR of the rJ2 gene (rJ2-m9390 and r/2-m9437), but also for the first time demonstrated 
that a Mu insertion into a 3' UTR can result in a suppressible allele (rfl-m8l 10). Only the 
apparently non-suppressible rf2-m8l22 allele arose via a Mu insertion in an exon. 
The R/2-B73 allele spans over 17-kb (Figure 1) and contains many small exons and 
introns as well as two large introns (the largest of which is over 7-kb). It is worth noting that 
if a reverse genetic screen that depends upon PCR-based detection of Mu insertions 
(BENSEN et al. 1995) were to be conducted on the rf2 gene, it is likely that most of the rfl-
m alleles described in this report would have been missed. This is because as a result of the 
presence of two large introns, only rfl primers from a small portion of the gene can amplify 
the rfl-m alleles. For example, Mu- and r/2-specific (such as RF2C6, Figure 1) primers from 
the 5' end of the rfl gene fail to amplify DNA templates from plants that carry rfl-m8l22 or 
rfl-m8l 10 (data not shown). Similarly, under all PGR conditions, Mu and rfl primers from 
the 3' end of the gene fail to amplify DNA from plants that carry rfl-m9390 and rfl-m9437. 
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Instead, such a reverse genetic screen would most likely identify Mu insertions in introns that 
would be unlikely to confer a mutant phenotype. These results point to the importance of 
having a gene structure available before performing reverse genetics and/or using a large 
number of primer pairs when conducting reverse genetic screens in species such as maize 
that often have large introns. 
Suppressible alleles described previously arose via the insertion of a variety of Mu 
transposons: Mul, Mu3, Mu8 and MuDR deletion derivatives (BARKAN and 
MARTIENSSEN 1991; LOWE et al. 1992; GREENE et al. 1994; HU et al. 1998; GIRARD 
and FREELING 2000). Three rfl-m suppressible alleles, rf2-m9390, rf2-m8l 10 and rf2-
m9437, are Mul-, rcy:Mu7- and À/u/0-induced, respectively. These results indicate that 
insertions of at least six different classes of Mu transposons can generate suppressible alleles. 
Mu suppression occurs to alleles that have a Mu insertion in the 5' UTR 
Three mutant alleles that arose via Mu transposon insertions in 5' UTRs recruit alternative 
transcription initiation sites during suppression. The hcfl06::Mul, Lg3-Or422 and rf2-
m9390 alleles have Mul, Mu3 and Mul insertions at positions -34 (BARKAN and 
MARTIENSSEN 1991), -238 (GIRARD and FREELING 2000), and -105 relative to the 
presumed translation start codons, respectively. The alternative transcription sites recruited 
during suppression of hcfl06::Mul and rf2-m9390 exhibit a significant difference in relation 
to their Mul insertions. In the suppressed hcfl06::Mul allele, alternative transcription sites 
are recruited from both the downstream TIR of the inserted Mul transposon and the region of 
the 5' UTR that is 3' of this Mul insertion. In contrast, all of the transcription initiation sites 
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recruited during suppression of rJ2-m9390 are located 3' of the Mul insertion, i.e., there is no 
evidence that this allele recruits transcription initiation sites from within Mul. This 
difference is not due to the orientation of the transposons; the Mul transposons responsible 
for the hcfl06::Mul allele and the rj2-m9390 allele are inserted in the same relative 
orientation. However, the positions of all these alternative transcription initiation sites are 
similar relative to the presumed translation start sites; hcfl06::Mul uses positions -7 to -80 
and rf2-m9390 uses positions -6 to -91. This observation suggests that there may be a 
downstream cis-acting signal which interacts with the promoter to determine the locations of 
transcription initiation sites. 
The rf2-m9437 allele also arose via a Mu insertion in the 5' UTR. Unlike rf2-m9390 
which exhibited evidence of suppression very early in the backcrossing program, rf2-m9437 
did not begin to exhibit evidence of suppression until after three generations of backcrossing 
to the inbred line Ky21 (Table 3 and data not shown). Interestingly, the position of the MulO 
insertion responsible for rf2-m9437 (base pair -35 relative to the presumed translation start 
codon) precludes the use of all but one of the alternative transcription initiation sites used by 
rf2-m9390. 
Mu suppression affects alleles that have Mu insertions in their 3' UTRs 
Analysis of rf2-m8U0 revealed a novel mechanism of Mu suppression. This allele has 
an rcy:Mu7 transposon insertion 30-bp downstream of the stop codon in the 3' UTR. 
Sequence analysis of cloned 3' RACE products revealed that during suppression the rf2-
m8II0 allele recruits novel polyadenylation sites from within the TIR of the rcy:Mu7 
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transposon. This is the first report that rcy:Mu7 contains polyadenylation sites. Because the 
TIRs of the 10 classes of Mu transposons are well conserved, analysis of the rf2-m8ll0 allele 
suggest that the recruitment of alternative polyadenylation sites might be a general 
mechanism by which mutants containing other classes of Mu insertions in their 3' UTRs 
could be suppressed. 
Polyadenylation sites in Mul were identified previously following the analysis of 
truncated transcripts produced by the adhl-s3034 allele, which contains a Mul insertion in its 
first intron (ORTIZ and STROMMER 1990). However, these alternative polyadenylation 
sites differ from those in the current report in that they are located in the central (i.e., non-
TIR) region and the 3' TIR of the Mul transposon. 
In eukaryotes, genetic information is first transcribed from DNA into RNA, one of which 
is hnRNA, in the nuclear during gene expression. The hnRNA is then processed into 
messenger RNA (mRNA) by adding a 7-methyl guanosine cap to its 5' end, splicing out its 
introns and polyadenylating its 3' end. Polyadenylation occurs following the cleavage of the 
hnRNA, producing a 3' -OH, to which are added multiple adenines. The positions at which 
cleavage, and hence polyadenylation, occur are controlled by cis-acting elements that are 
usually located between the stop codon and the cleavage site. In mammals, the 
polyadenylation signals consist of the AAUAAA positioning element (PE) and the U- or 
UG-rich downstream element (DE) (Figure 7, ZHAO et al. 1999; WAHLE and 
RUEGSEGGER 1999). Plant and yeast genes contain AAUAAA-like PEs and U- or UG-
rich upstream elements (UEs), which resemble the DEs of mammals (reviewed by WAHLE 
and RUEGSEGGER 1999; ROTHNIE 1996; HUNT and MESSING 1998). In addition, the 
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polyadenylation sites of rice and Arabidopsis genes are often located in U-rich regions 
(GRABER et al. 1999). 
Seven polyadenylation sites were detected in Rf2 alleles (VI to XII in Figure 5). Each of 
these sites is 20-50 bases downstream of an AAUAAA-like PE and in the vicinity of a U-rich 
flanking region (each approximately 50% U). No obvious UE was detected in the rfl gene. 
Similarly, all five polyadenylation sites in the TIR of rcy:Mu7 (I to V in Figure 5) are located 
in the vicinity of U-rich regions and 20- to 50-bp downstream of one of the three AAUAAA-
like PE elements that exist in this TIR. 
The fact that only the TIR polyadenylation sites are used in suppressed rJ2-m8110 plants 
indicates either that transcription does not proceed through the rcy:Mu7 transposon to the 
native polyadenylation sites, or that the TIR sites are preferred over the native sites by the 
polyadenylation machinery. One hypothesis to explain such a preference would be the 
presence of as yet unidentified polyadenylation signal upstream of the position of the 
rcy:Mu7 insertion. The spatial separation between this upstream signal and the native sites 
caused by the 2.2-kb rcy:Mu7 insertion in the rf2-m8H0 allele might cause such an 
upstream signal to interact more efficiently with the nearby TIR sites than with the native 
sites. 
In vitro and in vivo polyadenylation experiments demonstrated that cleavage occurs 
preferentially at the 3' end of a YA (i.e., UA, CA, or GA) sequence (reviewed by ROTHNIE 
1996; WAHLE and RUEGSEGGER 1999). In mammals, this YA consensus was observed 
in about 70 of 100 polyadenylation sites (SHEETS et al. 1990). YA was also found to be the 
most frequent sequence at the polyadenylation sites in the yeast eye I gene (GUO and 
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SHERMAN 1995) and several plant genes (WU et al. 1995). Our analysis of 94 
polyadenylation sites from 58 maize genes confirmed that this rule also holds for maize; 73 
out of 94 polyadenylation sites fit the YA pattern (Table 5). In contrast, only two out of 
five polyadenylation sites in the TIR of the rcy:Mu7 transposon inserted in rf2-m8l 10 follow 
this rule. 
In mammals, the preferred bases at the first position of the YA consensus are C»U>G, 
where C accounts about 60% of sites (SHEETS et al. 1990). In contrast, our analysis of 94 
maize polyadenylation sites showed that UA is most common (45%) while CA and GA 
account for 34% and 21% respectively (Table 5). Exceptions to the Y A rule exist. In 
mammals, 30% of the polyadenylation sites are non-A sites. The preference is in the order of 
U>C»G (SHEETS et al. 1990). Our analysis of the 94 maize polyadenylation sites revealed 
that approximately 22% do not follow the YA rule (Table 5) and the frequencies at which 
specific non-A bases are used are similar to those in mammals. 
Mu suppression and hyper-methylation 
It has been reported that there is a strong correlation between hyper-methylation of the 
TIRs of Mu transposons and suppression of A/u-induced alleles (MARTIENSSEN et al. 
1990; MARTIENSSEN and BARON 1994; LOWE et al. 1992; GREENE et al. 1994). 
However, the current analysis revealed many exceptions to this relationship (Table 6). 
Analyses of hcfl06::Mul and Les28 indicate that suppression progresses acropetally. 
Hence, the young leaves from which DNA samples were extracted in the current study may 
have been less suppressed and less methylated than the tassels on the same plants. Therefore, 
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in some plants the rfl allele may have been suppressed in tassels even though the DNA 
extracted from young leaves of the same plants were not methylated. However, this would 
explain only one category of exceptions, plants that were suppressed (i.e., male fertile) and 
had hypo-methylated DNA. The other category of exceptions, unsuppressed (i.e., male 
sterile) but which had methylated DNA, is more difficult to reconcile with a suppression 
mechanism that is dependent upon DNA methylation. 
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TABLE 1 
Fertility status of progeny segregating for rf2-mSH0 
No. of Plants Total 
Family F "S" S No. ^ (1:1) 
92 2123 19 3 4 26 5.33" 
92 2124 12 0 14 26 0.154 ns 
These data were extracted from Table 2 of SCHNABLE and WISE (1994). Families were 
derived from the test cross: (T) rf2-m8llOIRf2-Ky2l x rf2-R2l3lrf2-R2l3. Plant phenotypes: 
F, fully male fertile; "S", some anthers exerted; S, completely male sterile with no anthers 
exerted. *, significant at 0.05 level; ns, not significant at 0.05 level. 
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TABLE 2 
Correlation between male sterility and r/2 genotype in a family (92 2148) segregating 
for r/2-m9390 
No. of Plantsb Total 
Phenotype* rf2-m!rf2-R2l3 RJ2lrf2-R213 No. 
S 3 5 3 
"S" + "F" 6 2 8 
F 2 3 5 
Total 11 5 16 
These data were extracted from Table 3 of SCHNABLE and WISE (1994). The segregating 
population was from the test cross (T) rf2-m9390/Rf2-Ky21 x rf2-R2l3lrj2-R2l3. 
* Plant phenotypes: F, fully male fertile; "F\ more than half of the anthers exerted; "S", 
some anthers exerted; S, completely male sterile with no anthers exerted. 
b The rf2 genotypes were predicted based on RFLP analysis with the wxl marker, which is 
8.3 cM from the r/2 gene (WISE and SCHNABLE 1994). 
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TABLE 3 
Comparison of the penetrance of suppressible and non-suppressible r/2-nt alleles 
No. of Plants 
F + "P" S + "S" Total 
Families Alleles Rf2/rf2 rf2-mlrf2 rf2-m!rf2 Rf2!rf2 No. Penetrance 
92 2123 rf2-m8l 10 16 3 7 0 26 70% 
92 2148 r/2-m9390 4 6 4 0 14 40% 
92 2126 rf2-m8l22 4 0 14 0 19 100% 
92 2153 rf2-m9437 13 0 12 0 25 100% 
Random plants from the cross: (T) rf2-mlRf2-Ky2l x rf2-R2l3/rf2-R2l3, were genotyped via 
PGR using r/2-specific and Mu-specific primers (MATERIALS AND METHODS). The 
number of suppressed mutant plants in each family is underlined. Plant phenotypes: F, fully 
male fertile; "F", more that half of the anthers exerted; "S", some anthers exerted; S, 
completely male sterile with no anthers exerted. 
1 Penetrance was calculated as the ratio of sterile plants (S + "S") with the genotype r/2-
mtrf2-R2l3 to the total number of plants with the genotype rf2-m/rf2-R2l3. 
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TABLE 4 
Reactivation of suppressed r/2-m alleles 
No. of No. of 
Fertile Sterile Reactivation 
Families Alleles Crosses Progeny Progeny Ratio ' 
97 5432 rf2-m9390 (T) rf2-mlrf2-m (Mu off) x r/2-R2I3l Rf2 36 20 71% 
(Mu on) 
97 5433-34 rf2-m9390 same as above 114 21 29% 
96g 6104-05 rf2-m9390 (T) rfl-mirfl-m (Mu off) self 20 0 0% 
97 5435-36 rf2-m8ll0 (T) rf2-R2l3lr/2-R2l3 (Mu on) x rf>- 18 95 68% 
m/rf2-R2l3 
97 5437 rf2-m8ll0 same as above 1 9 80% 
975446 rf2-m8110 (T) rfl-m!rfl-R2l3 (Mu on) x rf2-m!rf2-m 55 50 48% 
98 6336 rf2-m8l 10 (T) rfl-mlrfl-m (Mu off) self 15 0 0% 
A/u-active lines were crossed to plants carrying suppressed rf2-m alleles. The resulting 
progenies were scored for male-fertile plants. Each row in the table is from a single 
reactivation cross. (Mu on) indicates that the plant contains active Mu transposons. 
1 The reactivation ratio was calculated by dividing the number of male-sterile plants by the 
number of male-sterile plants expected if the rf2-m alleles displayed 100% penetrance. This 
formula was adjusted to account for the segregation of homozygous rf2-R2l3 plants in 
families 97 5435-36 and 97 5437. 
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TABLE 5 
Summary of 94 polyadenylation sites from 58 maize genes in GenBank. 
5' Base1 Polyadenylation Site 
b Total 
A ÏT r r. 
Nn 
A 0 3 0 0 3 
U 33 3 4 2 42 
c 25 2 2 1 30 
G 15 1 2 1 19 
Total 73 9 8 4 94 
'Base immediate 5' of the polyadenylation site. 
b Polyadenylation sites were determined as: 1) The "U", "C", and "G" sites annotated in the 
GenBank records unless they are followed by an "A", in which case this "A" was assumed to 
be the polyadenylation site; 2) The "A" sites annotated in GenBank unless they are 
proceeded by an "A", in which case the 5'-most "A" was designated as the polyadenylation 
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TABLE 6 
Correlation between methylation status of Mul transposons in the genome and the male 
fertility in (T) if2-m9390lrf2-R213 plants. 
No. of Plants 
Phenotype4 Methylated Hypo-methylatedc 
P Ï2 4 
"F" 2 0 
"S" 3 1 
S 2 4 
a Plant phenotypes: F, fully male fertile; "F", more that half of the anthers exerted; "S", 
some anthers exerted; S, completely male sterile with no anthers exerted. 
b Plants were scored as "Methylated" if their DNA did not contain a 1.34-kb band that 
hybridized to the A/u/-specific probe, but did contain many larger Mu/-hybridizing bands. 
c Plants were scored as "Hypo-methylated" if their DNA contained a strong 1.34-kb Mul-
hybridizing band (e.g., right-most four lanes of the S category in panel A of Figure 6). 
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TABLE 7 
Correlation between methylation status of the Mul transposon in the rf2-m9390 allele 
and the male fertility of (T) rf2-m9390lrJ2~R2l3 plants 
No. of Plants 
Phenotype1 Methylated" Hypo-methylatedc 
F 7 2 
"F" 2 0 
'S" 3 1 
S3 4 
a Plant phenotypes: F, fully male fertile; "F", more that half of the anthers exerted; "S", 
some anthers exerted; S, completely male sterile with no anthers exerted. 
b Plants were scored as "Methylated" if their DNA contained no or only a weakly 
hybridizing 1.1-kb band and strongly hybridizing 2.4-kb and/or 2.8-kb bands (e.g., two left­
most lanes of the F category in panel B of Figure 6). 
c Plants were scored as "Hypo-methylated" if their DNA contained a strongly hybridizing 
1.1-kb band (i.e., the 5' Hinfl site relative to rf2 was unmethylated therefore digested), and 
weakly hybridizing 2.4-kb and/or 2.8-kb bands (e.g., four right-most lanes of the S category in 
panel B of Figure 6). 
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Figure Legends 
FIGURE 1. The structure of the rf2 gene (GenBank accession number AF215823). Filled and 
open boxes represent coding regions and 5' or 3' UTRs, respectively. Hatched box represents a 
copia-liks retrotransposon, DON QUIXOTE. The positions of the transposon insertions 
responsible for the indicated alleles are indicated by triangles (not to scale). Triangles that 
represent Mu insertions responsible for suppressive alleles are filled. The arrows inside the 
triangles indicate the orientations of the transposons relative to the transposon sequences in 
GenBank. The position of probe rf2-5m within exon 1 is shown as a bar underneath the 5' 
UTR. The positions of PGR primers are indicated by arrows. Bm, SamHI; Bg, flg/II; Xb, Xbal. 
FIGURE 2. The accumulation of rf2 mRNA in suppressed plants is as high as or only 
slightly lower than in wild type. An RNA gel blot containing RNA isolated from young 
tassels of the indicated genotypes was hybridized with a full-length rf2 cDNA probe (A) and 
the loading control maize GAPDH (B). All plants were homozygous for the indicated rjl 
alleles unless otherwise noted. The inbred line Q67 is homozygous for the wild-type 
progenitor (R/2-Q67) of rf2-m8l 10 and rf2-m9390. All plants in this analysis were male 
fertile. (T), T cytoplasm; (N) N cytoplasm. 
FIGURE 3. RNA gel blot analysis reveals that the suppressed rf2-m9390 allele does not 
utilize native transcription initiation sites. About 10 |ig of RNA from young tassels was 
loaded in each lane. Full-length rf2 cDNA (A) and rf2-5m, a 5' fragment (see Figure 1) of 
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the rf2 gene, (B) were used as hybridization probes. All plants were homozygous for the 
indicated alleles. 
FIGURE 4. Alternative transcription initiation sites in the suppressed rf2-m9390 allele. The 
open and solid boxes indicate the 5' UTR and coding regions of exons 1 and 2, respectively. 
Horizontal arrows indicate the primers used for the 5' RACE experiments. Sequence is 
provided for the rf2 5' UTR and the beginning of the coding region. The translation start 
codon is boxed. The triangle indicates the position of the Mul insertion in rf2-m9390. The 
vertical arrows indicate the transcription initiation sites revealed by 5' RACE using tassel 
RNA from a male-fertile plant homozygous for the rf2-m9390 allele. Alternative 
transcription initiation sites are designated by Roman numbers. The number of clones 
isolated with each initiation site is indicated. 
FIGURE 5. Polyadenylation sites used in suppressed rf2-m8l 10 plants and in wild-type Rfl 
plants. The solid and open boxes indicate the translated and 3' UTR regions of the last exon 
of the rf2 gene, respectively. The triangle represents the rcy.Mul transposon insertion 
responsible for the rf2-m8U0 mutation. The two hatched boxes containing horizontal arrows 
represent the TIRs of the rcy:Mu7 transposon. The vertical arrows above the TIRs indicate 
the polyadenylation sites used in the suppressed plants as revealed by 3' RACE experiments. 
Each arrow represents one event unless otherwise indicated. The solid and dashed arrows 
indicate the events revealed in the first and the second 3' RACE experiments, respectively. 
The primer used in the 3' RACE experiment is indicated as a horizontal arrow labeled as 
RF2C5. The rcy:Mu7 TIR sequence in which the polyadenylation sites were revealed is 
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shown above the transposon. The 3' UTR sequence of R/2-B73 is shown below. The arrows 
below the gene structure represent the polyadenylation sites used by the Rf2-B73 (solid 
arrows), RJ2-W22 (gray arrow) and Rf2-Q67 (dashed arrows) alleles as determined by 
sequence analysis of cDNA clones (B73 and W22) or 3' RACE (Q67). Polyadenylation sites 
are designated by Roman numbers. The translation stop codon, TAG, is boxed. The 
AAUAAA-like PE elements are shaded. U-rich regions flanking polyadenylation sites are 
underlined. 
FIGURE 6. Methylation status in suppressed and nonsuppressed plants with the genotype 
rf2-m9390/rf2-R2l3. DNA was isolated from young leaves and digested with Hinfl. A, a 
DNA gel blot was hybridized with the Mw/-specific probe illustrated in panel C. B, the same 
blot was stripped and hybridized with the r/2-specific probe rf2-5m (panel C). C, a diagram 
of the MM/ insertion and Hinfl sites in the rf2-m9390 allele. The DNA samples in the left­
most two lanes are from plants homozygous for the indicated alleles. All plants carry T 
cytoplasm and their phenotypes are indicated as: F, fully male fertile; "S", with some anthers 
exerted; S, completely male sterile with no anthers exerted. H, Hind; distances between 
restriction sites are indicated in kb. 
FIGURE 7. Models for polyadenylation signals. This figure is adapted and modified from 
GRABER et al. (1999). Polyadenylation signals are boxed. UE, upstream element; PE, 
positioning element; CS, cleavage site (i.e., polyadenylation site); U-rich, U-rich region 
flanking CS in plant and yeast; DE, downstream element. 
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CHAPTER 6. GENERAL CONCLUSIONS 
General Conclusions 
Maize T-cytoplasm male sterility (cms-T) plays an important role as a model system 
for studying gene interactions between the nuclear and the mitochondria. This system also 
has commercial applications in the production of hybrid seeds (Wise et al., 1999). The 
causal factor of cms-T, URF13, is encoded by the mitochondrial genome and accumulates in 
the mitochondrial inner membrane (Dewey et al., 1986; Wise et al., 1987). Rf2 is one of the 
two complementary nuclear restorers of cms-T (Duvick, 1965). Although a functional Rf2 
allele does not affect the expression of T-urfl3, it is necessary for male fertility in plants that 
carry T cytoplasm (Dewey et al., 1987). Most maize inbred lines contain functional rf2 
alleles, even though they have never been exposed to T cytoplasm (Duvick, 1965; Wise et 
al., 1999). The overall goal of the rf2 project was to clone the rf2 gene and to dissect the 
underlying mechanism of fertility restoration mediated by Rf2. 
This dissertation describes the early efforts toward understanding the mechanism by 
which rJ2 restores male fertility to cms-T. The rf2 gene was cloned via a transposon tagging 
strategy, and sequence analysis indicated that it has high sequence similarity with 
mammalian mitochondrial aldehyde dehydrogenases (mtALDHs). One of the functions of 
mtALDHs in mammals is during ethanol detoxification, whereby ethanol-derived 
acetaldehyde is converted to acetate in the liver (Lindahl and Petersen, 1991). 
The RF2 protein was confirmed to be a mtALDH by a combination of approaches, 
including subcellular localization, protein expression, and biochemical analyses conducted 
by Feng Liu in the Schnable laboratory. Detailed genetic analyses of rf2 Mu-insertion 
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mutant alleles established that the mutation of rf2 not only causes male sterility in T-
cytoplasm plants, but also causes anther arrest in the lower florets of N-cytoplasm plants. 
This result confirmed an earlier hypothesis that the rf2 gene has a physiological function 
during anther development independent of its role as cms-T restorer (Schnable and Wise, 
1994). This hypothesis was based on the observation that most maize inbred lines carry a 
functional Rf2 gene, even though they have never been exposed to T cytoplasm (Duvick, 
1965; Wise et al., 1999). Therefore, it appears that the rf2 gene has been newly recruited to 
cope with T-cytoplasm male sterility. 
To investigate the underlying mechanism, by which functional Rf2 alleles restore 
male fertility, the relationship between male fertility and ALDH activity was tested. The 
spontaneous rf2 mutant allele, rf2-R2l3, accumulates mRNA and protein at the same levels 
as those in plants carrying wild-type alleles; however, the mitochondrial protein extracts 
from plants homozygous for rf2-R213 has no detectable ALDH activity. Sequence analysis 
of the rf2-R213 allele revealed three single nucleotide polymorphisms, one of which caused 
Pro323-to-Ser substitution in one of the two catalytic domains predicted by the Motif function 
in the GCG software package. This amino acid substitution likely abolishes the ALDH 
activity in RF2-R213. 
One hypothesis for the role of RF2 in fertility restoration involves the anaerobic 
fermentation pathway. This pathway converts pyruvate to acetaldehyde via pyruvate 
decarboxylase (PDC), which could serve as the substrate for RF2. In addition, some 
enzymes and intermediates of this pathway have been detected in anthers during 
microsporogenesis and germinating pollen in tobacco (Bûcher et al., 1995). To test this 
hypothesis, mutants in three genes that encode PDC were isolated using the TUSC (Trait 
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Utility System for Corn) reverse genetic system (Bûcher et al., 1994; Bensen et al., 1995). 
The relationship between the mutant alleles of the pdc3 gene, cms-T, and rf2 was extensively 
characterized. Results indicate that the mutation ofpdc3 does not affect male fertility in 
either T- or N-cytoplasm plants; however, this experiment provided the first direct evidence 
that pdc3 is essential for seedlings to survive anaerobic stresses regardless of the cytoplasm 
system. 
During the analyses of rf2 A/u-insertion alleles, instances of Mu suppression were 
observed. Detailed analyses revealed that Mu suppression occurs at a high frequency in 
alleles that carry Mu insertions in the 5' UTR or 3' UTR of the rf2 gene. These results 
confirmed the previous hypothesis that suppression of alleles that contain a Mu insertion in 
the 5' UTR occurs via the recruitment of alternative transcription start sites for functional 
transcripts (Barkan and Martienssen, 1991). In addition, it was demonstrated for the first 
time that the suppression at the 3' UTR occurs via the recruitment of alternative 
polyadenylation sites from the A/u-TIR sequence. 
Future Research 
The cloning and characterization of rf2 has enhanced our understanding of 
mechanisms by which fertility restoration can occur. It has been widely reported that most of 
the cms restorer genes function by altering the accumulation of transcripts encoded by the 
mitochondrial novel open reading frames. Other restorers have been shown to delete the 
novel open reading frame from the mitochondrial genome or alter the mitochondrial RNA 
editing status (reviewed by Schnable and Wise, 1998). This study on rf2 revealed that a 
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fundamental enzyme, such as a mtALDH, could be recruited as a restorer to combat the 
malfunction in the mitochondria of T cytoplasm. 
Since it has been established that rf2 is a mtALDH, the next question is how does this 
mtALDH function as a restorer of cms-T? There are several approaches to address this 
question. One approach involves testing the candidate pathways. Chapter 4 describes a 
reverse genetic approach to test whether RF2 functions in the fermentation pathway by 
isolating mutants in the pdc genes. This approach was complicated by the fact that there are 
at least three pdc genes in the maize genome (Peschke and Sachs, 1993), therefore, to 
completely eliminate PDC enzyme function, it will be necessary to knockout all three pdc 
genes. The triple mutant may have to be analyzed to draw a regarding the relationship 
between the fermentation pathway, rfl and male fertility. Since this approach is time-
consuming, candidate pathways should first be narrowed down using various complementary 
approaches, such as global gene expression analyses. 
Another approach to characterize the mechanism by which RF2 functions as a 
restorer of cms-T is to identify the endogenous substrate(s) of RF2 in T and N cytoplasms, 
determine the source of this substrate, and determine the relationship between this substrate 
and male fertility. Experiments using this approach are currently being conducted in the 
Schnable laboratory. In addition, mutant screens are being conducted to isolate enhancers 
and suppressors of the rfl gene. 
Finally, comparing rfl mutants and wild type plants at various levels may provide 
critical information leading to the mechanism by which rfl functions in cms-T. 1) 
Comparing the development of anthers from (T) Rflrf2 and (T) rfl Rfl plants may help to 
determine whether the restoration by rfl is similar to that by Rfl. 2) Identifying nuclear 
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genes that that are differently expressed using microarray and comparing mitochondrial 
protein accumulations using proteomics between (T) Rflrf2 and (T) RflRf2 may help to 
identify genes or pathways related to rf2. 3) Comparing the lipid or other compositions of 
the mitochondria between (T) Rflr/2 and (T) Rfl Rfl might also be helpful. 
The anther arrest phenotype observed in rf2 mutant plants that carry N cytoplasm 
indicates that RF2 has a physiological function during anther development independent of its 
role as a restorer of cms-T. The rfl mutation specifically affects the anthers in the lower 
florets. This raises an interesting question: what makes the rfl gene essential in the anthers 
of the lower but not the upper floret? The upper and lower florets within a spikelet have the 
same structure. The only difference appears to be that the lower floret develops 
approximately three days after the upper floret (Hsu and Peterson, 1991). This question 
could be addressed using global gene expression technologies, such as microarray and 
proteomics. By comparing the patterns of gene expression between anthers from the upper 
and lower florets at the same stage of development, genes that are differentially involved in 
the development of these two types of florets could be identified. In combination with 
reverse genetics, functions of the genes could be analyzed. In addition, detailed microscopic 
comparisons of anthers from the upper and lower florets of (N) rfl could also provide direct 
evidence on which stages and tissues mtALDH is required. Electron microscopy 
observations of mitochondria in rfl mutants carrying T and N cytoplasms could test whether 
the rfl mutation affects mitochondria in the same way in both cytoplasms. 
193 
Literature Cited 
Barkan A, Martienssen RA (1991) Inactivation of maize transposon Mu suppresses a mutant 
phenotype by activating an outward-reading promoter near the end of Mul. Proc. Natl. Acad. 
Sci. USA. 88: 3502-3506 
Bensen RJ, Johal GS, Crane VC, Tossberg JT, Schnable PS, Meeley RB, Briggs SP (1995) 
Cloning and characterization of the maize Anl gene. Plant Cell 7: 75-84 
Bûcher M, Brandie R, Kuhlemeier C (1994) Ethanolic fermentation in transgenic tobacco 
expressing Zymomonas mobilis pyruvate decarboxylase. EMBO J. 13: 2755-2763 
Bûcher M, Brander KA, Sbicego S, Mandel T, Kuhlemeier C (1995) Aerobic fermentation in 
tobacco pollen. Plant Mol. Biol. 28: 739-750 
Dewey RE, Levings CS III, Timothy DH (1986) Novel recombinations in the maize 
mitochondrial genome produce a unique transcriptional unit in the Texas male-sterile 
cytoplasm. Cell 44:439-49 
Dewey RE, Timothy DH, Levings CS III (1987) A mitochondrial protein associated with 
cytoplasmic male sterility in the T cytoplasm of maize. Proc. Natl. Acad. Sci. USA 84: 5374-
5378 
Duvick DN (1965) Cytoplasmic pollen sterility in corn. In EW Caspari, JM Thoday, Eds, 
Advances in Genetics Vol. 13. Academic Press, New York, pp. 1-56 
Hsu SU, Peterson PA (1991) The upper and lower florets of spikelets in maize. J. Genet. & 
Breed. 45: 215-222 
Lindahl R, Petersen DR (1991) Lipid aldehyde oxidation as a physiological role for class 3 
aldehyde dehydrogenases. Biochem. Pharmacol. 41: 1583-1587 
Peschke VM, Sachs MM (1993) Multiple pyruvate decarboxylase genes in maize are induced 
by hypoxia. Mol. Gen. Genet. 240:206-212 
Schnable PS, Wise RP (1994) Recovery of heritable, transposon-induced, mutant alleles of 
the rfl nuclear restorer of T-cytoplasm maize. Genetics 136: 1171-1185 
Wise RP, Bronson CR, Schnable PS, Homer HT (1999) The genetics, pathology, and 
molecular biology of T-cytoplasm male sterility in maize. Adv. Agron. 65: 79-130 
Wise RP, Pring DR, Gengenbach BG (1987) Mutation to male fertility and toxin insensitivity 
in Texas (T)-cytoplasm maize is associated with a frameshift in a mitochondrial open reading 
frame. Proc. Natl. Acad. Sci. USA 84:2858-2862 
194 
ACKNOWLEDGEMENTS 
I would like to thank my major advisor, Dr. Patrick S. Schnable, for his guidance 
through my dissertation research. Many thanks also go to Dr. Roger Wise for his advice. I 
thank all my committee members for providing critical comments on my research. The 
friendship and collaboration within the r/2 group and the whole Schnable lab made this 
research possible. Finally, I want to thank my husband, Zhihua Li, for his loving support. 
